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16. AmSTRACT Pool boiling of Freon 113 was investigated in a body fo rce  

field l e s s  than standard gravity using the four-second drop tower 
a t  Marshall  Space Flight Center (MSFC). Emphasia was placed 
on the behavior of the nucleate portion of the pool Soiling curve. 
The growth and departure of individual bubbles wae a l so  inveati- 
gated. 

A t ransient  calor imeter  technique was used to obtain boiling 
curve information. This technique allowed the use of a heater 
of sufficient s ize  to eltrainate the problem of heater geometry 
influencing the boiling behavior while avoiding the necee s i ty  of 
achieving steady s ta te  during the short  drop time available. 

The results of the etudy indicate that the location of the 
pool boiling curve is a function of both acceleration level and 
surface orientation. Individual bubble departure diametere  were 
predictcd reasonably well by existing theories.  
growth r a t e  equations available in :he l i terature  did not predict  
the Lehavior of the Freon 113 bubbles, A new calculation pro- 
cedure was developed which gave growth ra tes  in agreement with 
the experimental  data. 

However, the 
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TECHNICAL MEMORANDUM X- 58942 

NUCLEATE POOL BCLLING O F  SATURATED FREON 113 
IN A REDUCED GRAVITY ENVIRONMENT 

The effect 

BY 

J e r r o l  Wayne Li t t ies  

SUMMARY 

of surface orientation and redu ed gravity on nucleate 
boiling of saturated Freon  113 at one atmosphere of p re s su re  were in- 
vestigated. Reduced gravity was obtained by using a drop tower at the 
Marshall  Space Flight Center (MSFC) with a free-fall  distance of 294 
fee t  which resul ted in approximately 4 seconds of free-fall  time. Two 
test heaters ,  one 2 inches wide and 4 inches long and one 2 h c h e s  wide 
and 2 inches long, made of 0.063 inch thick copper were used to inves- 
t igate  the nucleate portion of the pool boiling curve at heat fluxes f r o m  
5,500 BTU/hr-ft2 to 21,500 BTU/hr-ft2 and at an  accelerat ion level of 
0.01 g. 
per  second w a s  employed with a heater 2 inches wide and 4 inches long 
to study bubble growth r a t e s  and bubble depar ture  d iameters  for isolated 
bubblee and to investigate bubble coalescence during the heat t ransfer  
tes ts .  

h'igh-speed motion p i c t t r e  coverage a t  approximately 400 f r ames  

The location of the nucleate boiling curve was found to be dependent 
on accelerat ion level and on the orientation of the surface with r e spec t  
to the accelerat ion vector. At a n  accelerat ion level of 0.01 g, the boiling 
curve shifted upward for  the heated sur face  in the horizontal  position with 
the heated face upward and shifted downward for  the ver t ica l  surface and 
the horizontal  surface with the heated face downward. The magnitude of 
the downward sh i f t  was l e s s  for the ver t ica l  surface than for the horizontal 
surface with the heated face downward. 
tlie boiling curve decreased as the heat flux w a s  increased. At standard 
gravity the efficiency of the boiling mechanism increased as the surface 
waa rotated f r o m  the horizontal heated face upward to the ver t ical  position 
and then increased  again as the surface was rotated f r o m  the verticalpo- 
sition to the horizontal  heated face downward position. 

The magnitude of 'the changes for 

I 



. Bubbie growth r a t e s  in  saturated Freon 113 at atmospheric p re s su re  
were  found to be poorly predicted by existing theories.  A new calculation 
procedure was outlined that used some recent  data on the thermal  layer  
thickness and the nature  of bubbles growing on a heated surface and which 
a s sumed  that the bubble grows through the thermal  layer.  The new calcu- 
lation procedure predicted the growth rates  of bubbles in Freon  113 bet ter  
than existing theories and a l so  predicted growth r a t e s  for bubbles growing 
on a heated surface a t  reduced gravity in saturated water quite well. 

A l a rge  variation was seen in bubble depar ture  diameters  at reduced 
gravity. In general, the departure diameters  were  between the values ? 
predicted by Fr i tz  and by Zuber. 
were  discussed. 
at reduced gravity produced large vapor accumulations near the surface,  
and it was surmised that this vapor accumulation was the cause of the 
decrease  in heat t ransfer  coefficient for the ver t ica l  surface a t  reduced 
gravity. Ths heat t ransfer  coefficient was increased for the horizontal 
sur face  with the heating face upward in reducine the acceleration level 
f r o m  1 g to  0.01 g. A reduction in acceleration level to near  zero  and 
the resul t ing increased vapor accumulation might cause a r eve r sa l  of 
thi s trend. 

Several  types of bubble coalescence 
The coalescence of bubbles sliding up a ver t ical  surface 

--. . 



INTRODUCTION 

Statement ot the Problem 

As a result of the interest in  space flight during the past decade, 

researchers have focused attention on the behavior of the pool boiling curve 

when subjected to force fields other than the standard gravity force field 

normally encountered in  earth-bound systems. Space vehicles in flight o r  In 

orbit about the earth, o r  other planets, experience effective accelerations 

considerably lower than the gravity force encountered on earth. Proper 

design of the various systems associated with such space vehicles requires 

an understanding of ?he influences of low gravity on the physicd mechanisms 

likely to be encountered during their operation. One of these mechanisms is 

pool boiling. Most investigators in the area have considered the problem 

of the effects of reduced gravity levels, while a few investigators have 

concerned themselves with the effects of increased accelerations on the 

po l  boiling curve. 

Due to the low teat flux levels associated with some systems currently 

being planned for space missions, the nucleate boiling region of the pool 

boiling curve is of particular interest. The purpose of this work is to 

investigate further the behavior of this region at reduced gravity levels. 

3 
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Although there have been it 

questionable with regard to application to general engineering surfaces due 

:stigations in this region, much of the data are 

to the size and configuration of the surfaces used in the investigations. 

The objective of the present work is to eliminate questiqns concerning 

the effect of the size of the test specimen by employing a heater whose surface 

area is large with respect to the bubbles produced both at standard gravity and 

a t  reduced grevity. Prior  investigations have also left some doubt about the 

influence of the acceleration voctor with respect to the surface orientation, and 

an effort was  made to eliminate this variable by chauging the orientation of 

the surface from test to test. It should be noted L-. aoine investigators have 

assumed by using surfaces such as small wires and spheres, that either the 

orientation variable was negligible, o r  that if a shift in the boiling curve 

occurred i t  wwdd be in the same direction for any orientation. The results 

of this investigation suggest that these assumptions are subject to question. 

In addition to the primary objective of investigating the behavior of 

the nucleate boiling region, it was  desirable to observe the behavior of 

individual bubbles and the interaction of groups of bubbles. In order to 

accomplish this, hi&-speed motlon pictures were  taken of bubble formation. 

? 
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Literature Survey 

In t rduc  tory Commmt 

Considerable research has been done in the area of nucleate pool 

boiling heat transfer duri.ig recent years and much of it is applicable to the 

current effort. Due to the amount of material available, it  seems impractical 

to review all of it here; instead, only that material directly applicable to this 

research will  be discussed, and the rcader is referred to Reference f for B 

more complete review of the general field. 

Reduced Gravity Investigations 

One of the earliest atteinpts to detect an influence of reduced gravity 

on the nucleate boiling region of the pool boiiing curve was reported by 

Usiskin and Siege1 [2 ,  31. Their test specimen consisted of 0.0453 inch 

diameter platinum wires and flat nickel ribbons up to 0.2 inch wide and 

0.010 inch thick. Tests were conducted using a 9 foot drop tower which 

produced reduced gravity time of approximately 0.7 second. Water was used 

.as af! test fluid. The authors could not detect a shift in the boiling curve. 

However, they noted that the instrumentation could not detect a temperature 

shift of the heated sufaces of less than 6 OF and this could represent a 

significant shift in the nucleate Soiling region. Perhaps a stronger objection 

to the tes's is that the size of the lest section is approxiiiiately.the same as 

the bubbles at reduced gravity levels in water  as reported by Schwartz 141. 

I I 5 



, 

Sherley 15) conducted tests both with a I second drop tower ahd using 

a-KC-135 aircraft at reduced gravity times of approximately 15 seconds. The 

test fluid was  liquid hydrogen and the test specimen was a horizontal thin 

film of lead deposited on an insulating material. The heated surface was in an 

upward position and had an effective area of 2 square icches. There was a 

fiirly large statistical schtter for both standard gravity and reduced gravity. 

A least-squares curve fitted through each set  of data indicated a s!ight upward 

shift in the boiling curve (Figure 1). 

Mer& and Clark [ 61 conducted tests in a 1.4 second drop tower using 

liquid nitrogen as a test fluid. Test specimen for these test8 were 1 inch 

and 1/2 inch copper spheres. In order to avoid the problems of reaching 

steady state during the drop time available, the authors treated the spheros 

as dynamic calorimeters and produced a boiling curve by monitoring the 

temperature history of the aphere as i t  cooled in liquid nitroger,. The resulting 

data indicated an insignificant shift of the boiling cume at reduced gravity, 

In contrast to the work of Sherley [5], the indicated direction of the shlft was 

downward (Figure 2). The primary objection to this data is that, since the 

beater was a sphere, no preferred orientation of the acceleration vector with 

respect to the test surface existed. This seems to assume that if there is a 

shift in the boiling curve with reduced gravity level it will be in the same 

direction for all orientations of the surface with respect to the acceleration 

vector. The effects of this assumption wil l  be discussed in more detail as 

the results of the present investigation are presented. 
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FIGURE 2. BOILING HEAT TRANSFER TO LIQUID NITROGEN AT 
ONE g AND REDUCED g [MERTE AND CLARK (6)) 



Clodfelter (71 has conducted reduced gravity tests for water using a 

1.8 second drop tower. The test specimen included horizontal 0.02 inch 

platinum wires and 1/8 inch and 1/4 inch platinum ribbons. A dccrease in the 

test heater temperature of approximately 4 OF was seen in the heat flux range 

of 1.28 x lo' to 6.87 x io' BTU/hr-ft*, and this represents an upward shift 

- of the boiling curve. A similar study was conducted by Siegel and Keshock [ 8 J . 

using horizontal and vertical wires, 0.0197 inch in diameter, with similar 

results. It was noted in the study of Siegel and Keshock, however, that the 

direction of shift of wire temperature was upward for vertical wires. As was 

':: v' 

the case with the test specimen of Usiskin and Siegel, the size of the test 

surfaces for the work of Clodfelter and Siegel and Keshock was approximately 

the same as the bubbles at reduced gravity. 

Schwartz (4 J has used an Aero Commander aircraft to obtain reduced 

gravity times of 8 to 10 seconds to study nucleate boiling of water.  The test 

heater was a horizontal ribbon 0.25 inch wide and 2.75 inches long. The 

ribbon was insulated on one side and the heated surface faced upward. The 

author concludes that no significant shift of the boiling curve was seen. The 

combined low gravity and standard gravity data presented in Figure 3, however, 

suggest an upward shift of the curve. As was the case with some of the 

previous investigations, one dimension of the heater was approximately the 

same size as the bubbles at reduced gravity. 

Hedgepeth and Zara [SI conducted tests using water and a vertical 

tube 88 the heater surface. The reduced gravity time of approximately 

9 
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FIGURE 3 .  SATURATED NUCLEATE POOL BOILING O F  
WATER AT 1 atm IN STANDARD AND LOW 
GRAVITY [ SCHWARTZ (4)] 
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15 seconds was produced wish a KC-135 aircraft. h e  to the relative size of 

the test heater and the test container and the amount af vapor produced, the 

pressure cf the system increased with time duing the tests. The result was 

a system which was'subjected to varying amounts of subcooling during a test. 

The authors declined to advance any conclusions with regard to an increase or 

decrease of boiling coefficients in reduced gravity. 

Rex and Knight [ 101 conducted a reduced gravity boiling experiment 

with propane in a heated spherical tank 25.4 centimeters in diameter. Reduced 

gravity was produced for approximaic!z 4 minates by use of a ballistic missile. 

As was  the case with tl-e tests of Hedgepekh and Zara (91. the pressure 

increased with time during the test and there is some question regarding the 

comparison of their data with constant pressure standard gravity data. 

According to the data presented by the authors, the tank pressure incieased 

fcom approximately 125 psig to approximatcly 250 psig over a &minute test 

period. In addition, the authors compared their data to 1-g data taken by 

other investigators for another heater, and since the shape of the boiling 

c m e  is known to be sensitive to the heater surface condition, this is 

qugstionable. The authors concluded that, for rhe same valde of Tw - T sat  ' 

the heat flux at reduced gravity w a s  approximately 1/3 of the vdue seen by 

ot!iar investigators at standard gravity. 

Papell and Faber [ 111 used a magnetic field to produce low gravity in 

normal heptane with a horizontal ribbon 1/16 inch wide ocrt 1 inch long. The 

technique used eliminates some of the objections connected uith drop tower 



or aircraft teste in that steady-state conditions can be obtained. Using this 

system, a decrease of approximately 5 F bas observed at the incipient point 

between stmdard gravity and reduced gravity for the horizontal strip with 

the heated surface in the upward position. 

I 

Increased Acceleration Investigations 

A few investigations bave been conducted to determine the effect of 

high ameleratiom on pool boiling, and these investigations yield valuable 

information in explaining the overall effect of acceleration level on the pool 

boiling mechsnism. Four investigations have been conducted where the 

increased accele,-otiar was directed toward the heated surface. Three 

investigations, those of Graham and Hendricks [ 121, Merte  and Clark [ 131, 

and Costeello and Tuthill [i4], were conducted using water as a test fluid. m e  

other investigation was that of Graham, Handricks, and Ehlers [15] using 

hydrogen as a test fluid. The results of the k s t s  usi.rg water  all' indicated 

that in the lowbr portion of the nucleate bo*Ji;?g region (Merte a d  Clark 

established an upOer Umit of approximately 50,000 BTU/hr-f$) the boiling 

curve wa6 shifted upward with 6u1 increase in acceleration. After that point, 

Merte and Clark found &at the effect of acceleration was not as pronounced, 

but that 8. downward shift d the curve was indicated. The data provided by 

Costello and T W  =re in the latter region and verified the downward ehift 
$ 

i 

f - quite well (Figure 4). Graham, Hendricks and Ehlere [ 151 concluded that 
I 
1 for liquid hydrogen, acceleration has little effect on the nucleate boiling region. 

I 
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Standard Gravity Investigations 

The influence on the boiling curve at standard grivity of surface 

orientation with respect to the acceleration vector has been investigated by a 

few researchers. Githinjf and Sabersky [ 161 studied the effects of surface 

orientation in nucleate boiling of isopropyl alcohol. They found that the 

boiling curve shifted upward as the surface was changed from a horizontal 

facing upward to a vertical position. However, when the horizontal facing 

upward heater was  turned so that the heating surface faced downward, the 

opposite was  tn;% and the curve shifted downward. 

Marcus and Dropkin [ 171 have investigated :;la effect of surface 

orientation on pool boiling in water. They reported that the boiling heat 

transfer coefficient increased as the surface orientation was changed from 

horizontal to vertical in the nucleate boiling region, while the opposite was 

b-ue in the saturated convection region. The authors noted that the number 

of nucleating sites w a s  substantially decreased ~9 the angle of iuclination to 

the horizontal was incteased. Coeling [ 181 investkpted boiling in liquid 

hydrogen and also found an upward shift in the boiling curve between the 

horizontal and vertical positions. In contrast to the observations of Marcus 

and Dropkin, however, 80 increese in the number of sites was seen for the 

vertical surface. It was also noted by CoeUng that at high heat fluxes the 

horizontal surface had the bigher heat transfer coefficient. 

Class, Dehann, Piccone, and Cost (191 investigated both the effects a€ 

orientation and surface condition on the nucleate boiling region for liquid 
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hydrogen. They learned that for a smooth surface, an upward shift of the 

boiling curve was seen as the surface was changed from horizontal to a 

45-degree inclination and then to the vertical orientation. For a greased 

surface, the shift was in the same direction but more pronounced (Figure 5). 

When the smooth surface was roughened with emory paper, however, the heat 

transfer coefficient decreased as tho surface .was rotated from horizontal to 

vertical. This 1ar;t set  of data contradicts the trend seen by other investi- 

gator 8. 

Bubble Growth 3ata Investigations 

Since the mechanism of energy removal in the nucleate boiling region 

must ultimately be connected to the growth of bubbles, the ability to predict 

bubble growth rates is of fundamental importance. Attempts to predict the 

growth rates of bubbles fal l  into two primary categories. The first category 

makes the fundamental assumption that the bubble is growing in an infinite 

fluid with no surface present, while the second assumes that the bubble grows 

on a heated surface. The latter voup of theories is of primary interest, but 

the first group will also be reviewed. 

One of the first to predict the growth rates of bubbles was Bosnjakavic 

[20], who fnvofttigated the case of a bubble growing in a superheated lit ,:d. 

The growth process was assumed to be supported by vaporization at tha 

bubble interface due to energy transport frDm the superheated fluid. 

Experimental verlficatim was obtained for this theory by Jacob [21]. 
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FIGURE 5.  VARIATION O F  BOILING CURVE WITH 
SURFACE ORIENTATION [ CLASS (19)] 



Fritz and Ende [22] used the same basic nodel as Roonjrkovic and treated 

the heat transfer through the boundary of the bubble as being similar to one 

dimensional transient conduction. The equaC!cj;: obtained for bubble growth 

was 

2 k (T, - Ts)' 
R =  t i  . 

x p v  6 

Fritz and Ende pressnted data whish showed agreement with their theory. 

Other investigators have found varying degrees of agreement Ath the theory. 

Siege1 and Keshock [23] reported good agreement for bubbles growing on a 

heated surface in saturated water at reduced gravity levels. Schwartz [4] 

reported good agreement at low values of Tw - T, with less agreement at 

higher values. Where there waa disagreement, the Fritz and Ende equation 

produced bubble diameters which were too large in the latter growth stages. 

Schwartz's data were for pool boiling of saturated water at both I g and fcr 

low g. 

Pleeeet and Zwizk 124) included tlie effects of liquid inertia and EUT- 

face tension by formulation of the problem from Rayleigh'a equation of motion, 

the energy equation, and the Clausiua-Clapeyron equation. It was learned 

that the inertia and surface tension were not important and that the growth 

equation i.educed to one which differed from the Fritz and Ende equation by 

fi. The lack of agreement wlth the previouely cited experimeribd dab ie 

obvious since the resul3ng growth rate is larger than that produced by the 

17 



Fritz and Ende relation. However, Dergarabedian [25] found that the Plesset 

and Zwick equation agree quite well with data which he obtained with s u p r -  

heated water  at  1 g, acd Hewitt and Parker [26] found that their data for  

growth of bubbles in superheated liquid nitrogen were correlated quite well 

by the equation. The bubbles observed in the experiments of Dergarabedian 

and Hewitt and Parker were not on a heat transfer surface but were obserxd 

in the bulk liquid. Dergarabedian used gas impurities for nucleation sites 

and radiant energy w a s  used to heat the liquid. H6witt and Parker generated 

their bubbles with an electrical heater and viewed them as they grew or 

collapsed in euperheated 01 subcooled liquid nitrov-- dter they had moked 

from the generating surface into the fluid. 

Forster and Zuber [27], in a formulation similar to that of Plesset 

and Zwick, verified the insignificance of the inertia m.d surface tension terms 

and obtatied an expression which differs from the Fritz and Ende equation by 

z/2. It is explained by Zuber 12s~ that the primary difference between tbe 

above three relationships is that the Fritz and Ende equation treats the 

conduction through the bubble wall  as a one-dimensional Cartesian problem. 

while the other two account for the sphericity of the bubble. 

Griiiih 1291 asstuned a kminar flow field, constant properties in the 

fluid surrounding a poking bubble, and that the energy input to the bubble 

' wall  by conduction was responsible for vaporization. In addition, he aeeumed 

cil initial linear temperature distribution through the superheated layer on 

the surface and that the bubble was hcdsphe r i cd  and attached to a heated 

18 
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surface. The computer solution developed by Griffith from the above assump- 

tions agreed with the experimental results of Dergarabedian. It would seem 

that the agreement is fortuitous, however, since the conditions of 

Dergarabedian's experiments are not the same as the boundary condition8 

USt?d in the Griffith analysis. 

Bankoff and Mikesell [30] have used the same basic model of Plesset 

and Zwick, but have varied the assumptions regarding the temperature 

distribution surrounding the vapor bubble. 

Zuber [28] has examined the case of a bubble growing on a heated 

surface. Zuber's analysis extended the theory Bosnjakovic to include the 

rate of growth for a bubble growing in a nonuniform temperature field. The 

analysis assumes that the equation for bubble growth can be obtained by the 

addition of a term which accounts for the heat transfer tothe bulk liquid. The 

equation is then 

' 1  R=- 

Thevalue of qb 

:4 

was assumed to be the heat transfer rate from the keating 

surface. Even though this is a drastic assumption, as pointed out by Zuber, 

it predicted the experimental data of Zmola for pool boiling of saturated water 

quite well when the value predicted by equation (2) was multiplied by r/2 in 

order to account for sphericity. 

19 



In order to remove Zuber 's  major assumptions, Hsu and Graham (311 

derived a growth rate equation which includes the heat flux from the base of 

the bubble and calculates the energy exchange between the vapor bubble and 

the thermal layer surrounding it. It was assumed that 'all energy input to the 

bubble caused vaporization and bubble growth. In addition, it was  assumed 

that that the thermal layer surrounds the bubble during i ts  entire growth 

perioci, has an initial linear profile, and is subjected to a constant tempera- 

ture, eb, at the liquid-vapor interface. The value used for this tempera- 

ture was obtained from the Clausius-Clapeyron equation as 

2 oTs 

e b = e s a t + 1 . 2 i r  p h c v  
(3) 

Utilizing these assumptions, the transient Cartesian one-dimensional conduc- 

tion equation was solved to obtain thr energy exchange between the vapor and 

thermal layer. The thermal layer thickness used in the analysis was 

, where rc is the radius of the cavity. As will be shown later, the Hsu and 

Graham equations are extremely sensitive to the value af rc chosen. In 

comparing their experimental data with Zuber's theory and their own, Heu 

and Graham found that Zuber's equation f i t s  the data very well, while their 
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equation with no modification for sphericity agreed with the data in the early 

growth stage and gave higher values in the latter stage. 

Bubble Force Investigations 

Forces which act on bubbles during their growth have been calculated 

by Cochran, Aydelott, and Frysinger [32], Rehm [33], and Keshock and 

Siegel [ 341. These analyses consider the bouyancy, inertia, and pressure 

unbalance because th? bubble is attached to a wall  as the primary removal 

mechanisms and the drag and surface tension forces as the retentive 

mechanisms. In addition to these forces, the work of McGrew and Larkin 

(351 has suggested that the retentive force due to the surface tension gradient 

present around a bubble growing on a heated wal l  could be large enough to be 

considered. 

Bubble Departure Size Investigations 

The first avaflabk work on the change in the bubble departure size 

with gravity level was  a qualitative study by Siegel and Usiskin [ZJ . They 

photographed vapor removal from horizontal and vertical ribbons in water 

near the saturation temperature. It was observed that the vapor remnined 

near the heating surface. Ro bubble measurements were  made and the exact 
I *’ 

acceleration level was  not known. Later, Usiskin and Siegel (3) conducted a 

series of tests using a counterweighted platform so that the effective gravity 

J 



level could 'be determined; these tests were  also conducted in water. Measure- 

ment of bubble departure diameters showed that the diameters increased with 

gravity to a -1/3.5 exponent, rather than the exponent of -1/2 as predicted by 

Fritz [36). In another set of experimenG for saturated water, Siegel and 

Keshock [23] found that for case8 where the reduced gravity level was greater 

than 10 percent of standard griivity the departure diameters increased with 

gravity b a -1/3 exponent, while for gravity levels of less than 10 percent of 

standard the exponent was apnroximately -1 j2.  a more recent investigation, 

with water at gravity levels between 0.01 g and 0.02 g, Schwa,% [4] h m  found 

that the Fritz equation is valid. An investigation using saturated aqueous- 

sucrose solutions ranging from 20 to 60 percent sucrose by weight, Keshock 

and Siegel (341 found no dependence of departure diameter on gravity level. 

In this case, the bubbles had an inertit force during growth which was much 

larger than the buoyancy force, and as a result, the buoyancy change with a 

reduction in gravity level had no effect. 

i 
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EXPERIMENTAL APPARATUS 

The primary objective of %is investigation was to determine the effects 

of reduced gravity level and surface orientation on the nucleate boiling region 

of the pool boiling curve with a secondary objective of investigating bubble 

behavior. The test fluid used was saturated Freon 113 a t  atmospheric 

pressure. 

In the sections which follow, the test facility, test package, test 

specimen, and the related data acquisition system will be described. The 

test procedures used to obtain the data wiU also be discussed. 

Test Facility 

A drop tower located in the Saturn V Dynamic Test Stand at IHarshall 

Space Flight Center in Huntsrille, Alabama was used to obtain the reduced 

gravity levels. The facilily has 8 free-drop distance of 294 feet, which 

pravidcs a free-fall time of appraximately 4.1 secon&. The basic facility 

consists of an aemshield which fs held in position by guide rails as it f a l l s  

to a paeumatic catch tubt. The aeroshield is approximately 24 feet long and *' 

7 feet  In diameter. The test Oay area d the aeroehield is 6 feet 6 &he8 in 

23 
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diameter md 8 feet 8 inches high. 'The aeroshield is equipped with a reverse 

and direct thruster system and a removable drag plate in order to provide 

control d the aeroehield displacement versus time. The catch tube consists 

05 a 40-foot orificed cylinder with a I. 5-inch radial clearance between tbe 

aemshield and cylinder wall. The deceleration g level impceea on the 

aemshield is appmximately 25 times standard gravity. Figurss 6, 7, 8, and 

9 are views of the aeroshield, catch &&e, and the package inside the aero- 

shield. 

The test package, described in detail in the following section, is 

equipped with a calibrated high-pressure gas thruster syatem which is ueed 

to provide tbe desired accelerai3on level. The package thruster is turned on 

approximately 2 seconds prior to release of the aeroehield. At  the time of 

aeroshteld release, the package s e p a t e s  from the aeroshield b e t  bay floor. 

Ideally, the aeroshield drag plate and thruster system are operated such tbpt, 

for 8 even package acceleration level, the package w i l l  reposition itself on 

the test bay floor prior to aeroshield deceleration by the catch tube. 

Two views of the test packaga which were UBOd are shown.ln Figume 

10 lod 11. The test equipment was mounted on a two floor metal angle frame- 

work 3 feet by 3 feet by 30 inches tall. Total weight of tbe test p.ck8g8 w.8 
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Figure 6. View of Aeroshield 
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Figure 7. External View of Catch "ubeI 



Figure 8. Internal View of Catch Tube 
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battery which provided all power during tests, (2) a GN2 pressrrre bottle; 

pressure regulator, and calibrated sonic nozzle for g-level control, (3) two 

16-mm high-speed MfUiken cameras, (4) a universal timer for control of 

sequenced operations. ( 5 )  high- and low-g accelerometers, (6) a test 

container which housed the test specimen and i ts  associated equip,nent, and 

( 7 )  a telemetry unit and the associated control equipment. The operation of 

this equipment will be discussed in the following paragraphs. 

In order to prevent pickage rotaticn during the time that it was 

separated from the aeroshield floor, it was necessary that the package be 

balanced about the axis of thrust of the sonic nozzle. A strain gage bolancing 

system had been set up for previous packages tested in the MSFC facility and 

that system was used for tha test package. The view of the teat package given 

in Figure 10 shows the test package mounted on the balancing platform, The 

instrumentatioD syetem associated with the drain-gage system allow the 

wokage to be balanced within 0.0625 inch-pounds. 

. 

The package thruster nozzle woe caiibrated under simulated operating 

ube of a set of balance eoaier and weights. A t3rpicd calibration oon&tfons 

c w e  ir shown in Figure 12. Prior to each teet, the uprtreua nozzle p'rerrure 

wan ret using a Heioe Gage (t#m.porarily connected to the syrtem for thir 

purpore), and the upotream presrure regulator to give the dsrired mcelen- 

tion level during the tert. The aooeleration level monitored by the low-g 

aooelerometer durlng the teat uaually fell within 10 percent of the predioted 

vdw. A i  an oddiiiooal cheok, a prersure transduuer was inotalled up~trerm 

31 
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of the nozzle and the pressure was monito-md through the telemetry system 

during the test. Operation of the thruster system was controlled by a solenoid 

valve in the upstream pressure line which was actuated through the universal 

timer. 

Test Container 

Figure 13 is a photograph of the test container mounted on the package. 

The container is 8 inches wide, 9 inches long, and 10 inches high. It is made 

of ll2-inch-thick plexiglass for viewing ~ruposes. The container lid is 

provided with a vent to keep the fluid inside the container at atmospheric 

pressure. 

A 200-watt pmherter wan in8eolled in the bottom of the tank to bring 

the Freon 113 to eaturation temperature iaithlly. During tests, the energy 

dissipated by tbe test specimen w86 sufficient to maintab the fluid at the 

saturation temperature. An option wae available fa- the power source for tho 

auxiliary heater. It oould be run by the -board htterier or by an externally 

powered AC-DC oonverter. The ooaverbr waa not a part of the teat paalrage, 

The teat 6peoimen WII momfed on support rods rtkohod to the bottom 

of the coatalder when the heater WM teated in the horizontal position with tbe 

heated faroe either upwrrd or downward. Adapterr were made which could 

be fastened to two of the rupport rod8 and then to the t06t spaoimen WppOrc 

plate for terting the heatbr in the vertiorl poriUoir. 
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A thermistor was mounted on the test specimen support plate and was 

used 2~ monitor the Freon temperature both before and during tests through 

the telemetry system. The thermistor was calibrated prior to installation 

and had an accuracy d a. 2 F. Frequent checks were made of the 

thermistor by use d a tbarnometer prior to tests. 

The heater thermocouple wires were pulled directly through the cm- 

tainer lid, and thence to the thermocouple reference junction which was 

mounted on the f i r s t  flmr of the package (Figure 11). The test specimen 

power leads, auxilia~y heater power leads, and thermistor wires were pulled 

through plugs mounted on the side wal l  of the container 1 inch from the top. 

For balance purposes, the Freon level was maintained 1.5 inches 

from the top of the container, and when it w a s  necessary to replenish the 

Freon supply after closing the container, thls was accomplished through tb 

vent. 

Normally, the test specimen was not shielded. However, in order to 

investigate the possible effects at sloshing or excess convection currents 

on the behavior of the test .;pecimen, some standard and reduced gravity tesb 

-re "n with a shield around the specimen. No change iu the operating 

C m b d 6 t k S  d the hertel: w85 seen W i t h  the shield h w. 
resJbwereo&aimdbySchwutz [4]. 
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One of the primary objectives of this study was to obtain data on test 

epecimens whose dimensions were large d e n  compared k the size of the 

bubbles generated at  both 1 g and low g. This fact, when coupled with the 

reduced gravity time available, made the design of test specimen which would 

reach s * d y  state impractical. As a result, i t  wae decided to adopt the 

philosophy of Merte and Clark [6) and treat tlie heat transfer surface 98 a 

dynamic calorimeter. The test specimen used, however, ie not QB 0 m e W  

to such a treatment as were the spheres used by Merte and Clark. The 

problems encountered are primarily those of heat leak thrhgh the ineulatiorr 

behind the heater surface and a residual energy 8ource which le present wben 

the heatar is turned off. These items w i l l  be L;cueeed in more detofl in tbs 

section devoted to test results and in the thermal analysis of the test specixwn 

in Appendix C. 

Three test specfmem mere used during the course of the experimental 

work. The majority of the. invertigntion of the nucleate boiling curve was 

performed using a 2 inch by 4 inch 

One fam d tbe p W  wpb i n d a t e d  with 2 inches of polyureths~e foam. 'IW 

heating element war 48 inches of No, 25 Nichroms wire coiled on the back 

0.003 inch thick flat copper "face. 

eide d the beater surface. The second beater used in thc boilfng work was 8 

2 inch by 2 f n ~ n  by 0.063 inch thick 6Urface heat& by 20 iachee d coiled 

Nichrome wire 4 insulated in tbe some manner 913 the firet. The heater 



wed far the bubble studiee w a s  .identical to the firet heater except that the 

I 
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copper was  0.030 inch thick, the Nichrome wire ueed was No. 16 wire, and 

no thermocouple6 were installed. The cogper used in conetnrcting the 

heaters w e  analysed by tbe Materials Division at MSFC and found to be 

electrolytic copper containing lese than 0.05 percent total impurities. 

With the exception of the fact that no thermocouples were installed 

beneath the bubble study heater, the heaterc were conetruck4 i n  an identical 

manner. A thin coat of cement (ijaurieen No. 14) wae brusbed onto one side 

, 

of the copper, The plate woe then baked in an oven for f/2 hour at 125 F and 

then for 1 hour at 175 .F. The Nichrome w i r e  w a s  then placed over the 

cement and a second thin layer of cement WBB brushed over the wire and 

surface. The bawng procedure w6s then repsotad. The thermocouple wi re8  

were inetalled a t  that point by drilling emall holes through tbe cement and into 

the copper eurfoce. The holee were elightly smaller than the thermocouple 

bead and deep en& so U t  tbe bead WBO completely embedded in the copper. 

The thermocouple wire8 and power leads were threaded through 2 inchee oi 

polyurethane inadation and the insulation WPB placed over tbe heater element. 

i Finally, the ineulotion woe completely covered with Armstrong A-2 epoxy 

to prevent leaknge. Figure 14 is a photograph of the 2 inch by 2 inch heater 

surface and Nichrome Mre prior to assembly, and Figure 15 is IL photograph 

taken Just prior to installation of the insulation. The 2 inch !y 2 inch heater 

in i ts  f ind  form is depicted in  Figure 10, and the 2 inch by 4 inch heater is 
I *- 

. 
L 
! 
7 shown in Figure 17. 



Figure 14. View of 2 x 2 In, Heater Plat8 
and Nichrome HeLing Wire 

Flgure 16. View d 2 x 2 In, Iiehter Plate 
Aftar Heating Element and 

Tbermoooupler Were Inmtalbd 
I 



Ftgure 17. Mew of 2 x 4 In. Teot Heater 



IV. down in plguro 16. The looationr for the 1 inoh by 4 inoh hetter am u 

followrr (1) "brmocouplr No. 1 w u  loortad in the oenter of the heator, 

(1) TbsrmoooupJe Nor, 3 rad 3 WIFO loortad 1 Inoh from Thsrmoaouple No, 1 

in opporlb direoumr on a line perring through the No. 1 poriticn and running 

lengthwho to tbe hrabr, md (3) Thermooouple No, 4 war loo~tad 9/4 inoh 

from Tharnroooupb No. 1 la R &motion perpndioulrr to the llne panning 

through Thornrocrouplr Nor. 1, 1, urd 3. An ioe bath, looatod u depiotad in 

Figure 11, wa8 wed u a rdersnoo juaotion, CJibrrtian of the thertnoooupler 

wlll lm dinowmad in t&o Inrtruauntatlon r6otion. 

Tba rurfam d tho bator8 uaod in the boiling o w e  rtudy wre pm- 

purd hy rudJn# wlih a 400-grlt emry pipor. The rurfmrr were reomded 

hqubntl;y in an r"pt to b o p  the mame runhoe flnirh for all tatatre The 

rurlroo d ckc h t e r  for thm bubbb rtudy w u  rraded with 609-grit emery 

p p r  urd fiaimbd with I, orocu oloth, A rrr\ooUr finirh WM wed on thir 

owboa r l~m a rtudy o( tndividuJ bubblor w u  p u t  of tho ctbjwtivs, u d  i t  

W U  oI(rL 8ibl Fy)e O b b h O d  AlOm Wfly OR tb@ IWZIOOtk 8WfWO.  

CoDIirkrrbk dlt#o!$ty wu onoouabrod in eliminating bubbler at b e  joint 

between tha b u r  rurlrPo ud ttu e m ,  The problem w u  aompouacbd by 

tito frot that tb, moa 118 attwlu mort realrnta whloh would SormlUy bo 

und, Mw fin3 rolutloa w u  to u u  a rubbor o o m p u d  (lilioom 140) to 

1 
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seal tha joint, This oolapound is affected by the Freon (an inorease in 

volume ooqurr) , but proper oleaning the surface prior to applioation and 

allowing a suitable oilring time (48 hours) yielded a reasonable b n d .  

Instrumentation 

Two t y p o  of instrumentation systems were used. An on-bard telem- 

etry Bystem wan used to monltor the following items: ( I )  thruster preesure, 
b 

(a) Freon terrperature, (3) paokage aooeleration level during free fall 

(low 9) , (4) package aooelerotion at impact (high g) , (5) test heater 

ourrent, (6) test beater voltage, (7) an impulse etgnal to eignlfjr paokage 

releaoe, and (8) an impulse eignal to eignify teet hc rter turn off, The 

oignals wre transmitted to a reooxiing etation approximately 1 mile awqy 

and, exoept for the two impulse signalo, were reoorded on both oooillograph 

recorders and by 8 dlgital oystem, An attempt WIU made to use the telemetry 

eyrtem to rcoord the output of the test heatar thermooouplee, However, the 

output of the oopper-oonotanfaa thermooouplee in the range of interest was 

between L75 and 3.26 millivolts. The only variable frequenoy osotllatore 

availahla (5 volt) made it neoesorry to ampltfy tha output signal approximately 

2000 times and the reoulting signal was too noisy for the digital oyitam, 17re 

pjwn available on the osoillograph reoorder was too small to read the drta 

with aay temonable degree of aooumy. As a rerult, it  wan decided to 

oomeot oablae to tho aeroshield and meacure the tbermoooui-Jle output 

direotly. Three bur-omduotor orrbleo (one war 8 spore) were wsd  and the 

b’ 
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output war monitored at a rooording rtation at tbs bar0 Ji the tart rturd. The 

remllk with air ryrtam were quite good. The Srlrtol r t r ipohart  reoorderr . 
mod wero ma at a sped of 1 iaoh per seoond durlag the testa and produoed a 

timing pip every reoand. The paper used WM 8.8 lnoher wide from 0 to 100 

paroeat of f d l  soale and wm divided into 100 equal inorementa. With the 

0 inoh by 4 inoh teat heatar, the reoorders were ret for 1.78 millivoltr as 

0 p r o e n t  to 2.76 mfllivoltr at 100 peroent, and when the a lnoh by 3 i w h  

heater WM uaed, the retting war for 1.76 ndllivoltr at 0 peroent and 5.25 

rnillivoltr at 100 peroent. 

All  inatrumentation ohannslr were oalibrated prior to eaoh day'r 

brting, Plu~ti~ular attention wlrs given to oaiibntlon of the tart heab r  

temperature m e u u r i w  rystean, Eauh reoordrr rprn retting war odibrrted 

@ impoelng known nrUlivolt valuer on the tbermooouplo lead oomeotad to that 

ohannel with a Rubiooli potentiometer, The thermoooupler tbemrelver we- 

orlibrated win8 fk6 ayobm ohown in Figure 18. Tho tart heater WM irrrmerred 

in s sllioono oil bath whore temperature war ooatrollod by a Rowmount RlM 

ooatroller, The temperature of the oil bath MU modtorod by R hlghlY 

aaourate pl~UIlu~# reristraoe theranomstar and Mrullor Bridge, After orli- 

bration d &a reoordorr, the output ob eauh tbrmaoouplo urbg the orllbrallacr 

qrrtem derorilaod abovo naa ohmeled to ! t i  rwrordor and tho deviatioa d tho 

tbarmooauplr debrmined ab a number d p i n t a  in tho b m p r a t u r e  range d 

laterest, 
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Two lB-mm b4ilUken oameras were ured tc obtain movisr of the boiling 

phenomenon during the tartr. The uameraa war0 rot at 400 frwmer per rooand 

and the ienr opsnlng war ur- set at f4. TWC; oeta of pure-timing Ught' 

genoratorr woro wed, One produood 1000 p i p  per reoond ooatinuwly while 

tbe reoond produood 10 pipm per reoond prior to relecrse and 100 p i p  per 

seoond after pa41bge reieane, The reoond timinil light generator mahnotk"d 

frequently, but the 1000 p i p  per eeoond generator was alwayr available for 

Umina, 

Tho photographi0 arrangement used ir depioted in Figure 18, Photo- , 

yrapbio raoulto from rimilar projootr at MBFC had Indioated that b o k  lighting 

through trmnluooat gher gave good resultii arid that nyrtom waa wod here, 

The l',ghta wed were 100-wart bulbr, Although lightr were avallrblo for botb 

tho X md Y oameru, i t  WII  learned that better qudity moviar we- obtrJnsd 

by uoinpl anly we llgbt, The light oeleoled depencred upon tho tort rem for a 

partioulrr teat, 

A blook diagram d the o&~tr ioa l  systam ir pre" ted in Figww 10. Tke 

operation a! the ayrtem w i l l  bo dirouarad in detail in the seotlon QII oxport- 

montd prooadwa. 
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on the reduced gravity boiling a", 1-g bolllng curves we= created for 

vertical, horizontal heating face up, and horizontal heating face down positions 

of the hciater face. After the fluid had reached Ule saturrttion temperature, both 

heaters w e m  turned off to allow fluid motion to dleeipate. The teet heater was 

then turned on and allowed to come to steady state. Usually, the first point 

selected uae a low heat flux. iiowever, after data for a complete set  of curves 

hpd been obtained, several intermediate. points were rerun for comparison 

purposes. Data for the throe positions were accumulated both concurrently 

and separately, For the concurrent teste, after the heater had reached steady 

state in the initial position (e. g. * horileontal heating face up), a data point was 

taken. Then, without turning the power off, the heater was turned to a second 

position, allowed to wsunie ib new steady state temperature, and the next 

data point taken, The procedum waa repeated for the third orientatlon and 

then the power level was changed in order to obtain a new set of data points. 

This pr xedilre WM repeated for a few points. However, since it was 

necessary for the author to adjust the position of the heater manually by 

immereing his hands in the Freon, most of the data points were taken with 

&a heater in a glven orientation and then the orientatlon was changed for the 

next set of data points. The F'reon temperature was monitored cdntinuously, 

and the auxilfary hater used lnbrmittently to maintain the saturation temperr- 

ture of the Freon. 

During most of these test& the current and voltage were  read directly 

with "meter urd millivolt mekro. For some points, the telemetry syatem 

I 



was U E O ~  along with Uie meters ae R check on Uiat system. Agreement 

botween Uie two sets of readings was good. 

Dubble Teats 

The procedure outlinod i n  the previous section to bring the Freon to its 

saturation teiiiporature was repeated. All equipnient was calibrated and the 

canieras were loaded and Inatalled on the tost package, hi onler to ensure 

proper oporation of all equlpnient, a full sequence of test operations was run,  

With the exception of the fact that the packab- thrustor solenoid was dis- 

connected to prevent excess noise, tho aoquence WP.S idc :itical to that which 

occurred during the drop, The package thruster pressure bottle was then 

preesurieed from an external ONz aource. The Freon temperature was 

brought back to its aaturaticn value and the test heater power level was set 

near the incipient boiling point BO that the number of nucleation B i t e s  on the 

surface was small, The neroahield door was closed and the teet we+ con- 

ducted, For this investigation, the heater remained on throughout Ute test. 

Nucleatc nulling Testa - Predrop and Reduced Oravlty 

Since the primary objective of the invcsligation wae to establish the 

effect of reduced gravity on the 1-g nucleate boiling curve, care WM taken 

to enaure the same test conditions on the predrop 1 g and the reduced gravity 

teats, In all cases, tho 1 g test with which a reduced gravity test was 

coinpared was run lnimediately prior to the reduced gravity teet. la several 
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cases, more than one standard g ~ ~ l t y  tent waa run prlor to tht rsducerl 

gravity test tu enmm repeatability. 

The test cmtmlner WYS 1111eO wlth From 113, arwl the fluid was brought 

to its eaturation tempraturo with both heaters a.t descrlbed in an earlier 

Jection. The loaded camens  were lnsklled and pretest callbretlons were 

conducted. The test heater was turned on at the peak power level for the 

heater and allowed tu come to eteady state, The mndard gravity tests were 

then conducbd under slmulaled drop conditior,. <On oome tests, the package 

thruster was allowed to run and the connection LO the floor contacts was broken 

BO that tho only difference between these tests aid the reduced gravity test 

war that the aeroahield ww not releaeed. Since no effect of the package 

thruster and floor contact connnections wam seen, however, mort k s t a  were 

rirri with the paokrge on the floor contacts and the package thruster solenoid 

disoonneoted. 

After the 1 g teat was conducted, the hester WM turned back on at the 

sa-ne power setting. The aeroshleld door was closed and the reduced gravity 

tert was conducted. The time lapse between the atandard gravlty tert and the 

reduoed gravity test was usunlly approxi*i\otely 10 minuter. 

A typical requenoe of operations for Laat ir drown in Figure a i .  On 

some k s b ,  the heater was sequenced to tarn back on after the aeroshield 

was in the catuh tube.. 

I 
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The rertultm an5 accwiipanylnK arifllysls fall into the two inaJor 

categories of bubblo [.henotirona at retiitcod gravlty and thG behavior (Jf tte 

nucleate tmlllng curve et  reduced gravlty. The infortnatlon on the bubble 

etudiee wlll  be proaentod i n  the first part of this eectlon and the prosentatlon 

of the nucleate bolling nitlteriul will follow. ‘f%e datu reduction procodurvs 

will be discussed ae the data a re  preeeniod. 

Bubble arqwth Rate bata 

arowth rate8 for isolated bubblee were obtained both ut i g and a t  

reduced ;gravity levels of 0.01 g Rnd 0. 02 g. The motion pictures wore 

analyzsd frsine by franie uelng a Vanguard Motion Analyzer, The motion 

analyzer Is equlpped with calibrated cross-hairs which wero used to determine 

the bubble dlarnetere. A dlroct readout. graduated i n  1300 counts per inch, 

ia given as the cross-halrs are moved. An 0.040-inch probe wns located in 

&e field of view ut the canloras and waE) used for calibration purpoeee, For 

each roll of film analyzed, five readings were made of the probe and the 

resulk, averaged to obtain tho calibration, The deviation from reading to 
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rending wna aIWIIy0 Wlthln lhrCC portent for tho probe diameter. Glncc two 

cameras were avallable, on leu!rrlerI bubble ctrultl be vlewod from two locatlone 

90 degrees apart. A comparison of bubble tllameters for a glveii bubble token 

from both cainerao showed good agreenient. As n result, the bubble d:atnetere 

were usu~l ly  taken from onm view. The magniflcation used i n  nioet of tho 

measurements waa approxlmately flve tlniea, 

As has been indicated previouely, two tlmlng llght generators produced 

timing pips on the film edge. For the eectlon of film of intereat for a part!cu- 

lar oubble, these pips were counted and correlated with the frame numbers  

to obtain relative time data. The tlmo eeaoclahd witb a given frame was 

determined to approxlmately 0.001 seconds by uslng the 1000-cycle timer. 

At the frame rate of the cameras (approximately 400 frames per second), an 

average of 2. G p:pe appeared per frame after the cameran had achieved ful l  

speed. The pip neareat the top of the frame waa taken as the ticue for tho 

frame, 

A t  reduoed gravity levels, the bubble8 were aphericd. The bubble8 

observed a t  i g were slightly elongated during their early growth stage and 

alightly flattened durlng the lwtter stage of their growth. For purposes of 

comparing the growth rates, however, the diameter d the bubble axis 

parallel to the heated surfaoe wae taken as the bubble diameter. kt would have 

been poeaible to memure both the major and mtnor dinmeters of L e  bubbles 

or to divide the bubble into aegmonte to determine an average diameter o r  a 

dlcmeter asaocinted with the volume of the bubble; however, it waa felt that 
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the wiclo varlatlon In bubble d a e  and the largo varlatlon In growth ratoe rnatle 

the worth of euch refhemonte queetlonable, 

Since the growth rate d bubblea fs qulte large Inltlally, the 0.0026- 

second lncroment tmtween frames was 100 long to obtdln detallud data during tho 

early growth sttiye. In addition, the time lapsed since tho Inlthtlon of growth 

of a bulhle appearlng for the first  llme was unknown. As a result, the time 

associated wlth the flrst franie of a Ixhble growth seyuenco was somewhat 

arbltrsry. After looking at 

aselgn a t h e  for tho bubble as I t  first appeared brsed on the elm of the bubble 

at that limo. For bubbles whlcn were relaiively large, a llme of 0. OOZb 

second.was assigned, whereas for smciller bubbles, the time aasoclabd with 

one-half frame (0.00126 second) was assigned. The reeultlng e r ror  for 

bubbles at reduced gravity which ren~alned on the eurfaco for tlmee of 0 . 2  to 

0.4 second waB negligible, but for bubbles growlng jn the 1-g fleld whlch 

remain on the surface for approximately 0.016 second, the e r ror  WRB mom 

significant. However, the only way to wold the error wotlid t H k, use a higher 

spcsd camera, and the magazlne dzes associated wlLh c a m a a  of sufflclent 

speed was prohibitive with the test package. 

~ u o t .  .ample of bubbles, 11 wae clocldod to 

I 

Buthle growth rate data at  a wall suprhoat  of 11 F md a heat flux 

of approximately 1600 BTU/hr-ft' were taken f r  Im eevurd sites at 1 g. The 

data, along with a faired curve, are preaented i n  F?[;ure 2%. SJnce no 

thermocouples were installed beneath the surface of the bubble study heatcr, 

the value of wall superheat wan obtnined from t\vo thermocouples mounted 
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FIGURE 22. ONE g B-JBBLE GROWTH DATA 

. 
r . . 



directly to the heat transfer surface. The thermocouples were 'covered with 

epoxy to prevent boiling from their surface. The power level was obtained 

from direct ammeter awl millivolt meter readings. 

Reduced gravity bubble growth rate data for acceleration lcvols of 

0.01 g and 0. G2 g is presented in Figure 23. The wall superheat and power 

level for this data is approximately the same as for the 1 g data. The data 

presented were takei~ from eid:t. sites. A faired cuwe is piesunkd so ';hat 

the data can be compared wjtb existing growth rata fbeor?es and with 2 new 

calculatiorl procedure which will be presented in the following section. 

In order to illustrate the difference between standard gravity bubble 

diarnetem and bubble diameters in the range of inbrest  of this investigation, 

two frames (presented in Figure 24) were taken from one 0i the rolls of film 

to obtain bubble groHth ra'as at reduced gravity. The bubble growing at 

reduced gravity ciriginated from the same site as the one seen on the frame 

taken from the 1 g portion of the film. Thc accelerativn level for th!s tost 

was 0.02 g. The reduced gravity bubble is presented jus t  prior to departure 

from the surface. 

Comparisoa - -  of Bubble Growth Rate Data With Existillg Theory and With 
a Propsad CaIeulatiiin-Procsdure 
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As Mll bo shown, the bubble growth analyses discussed in the literature 

survey section do i~ot epee with the experimenial data obtained ?or pool 

boiling of Freon 113 .It.A g and at reduced g levels. Recent experimental data 
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have been provided which indicate8 that eome of the badc  aseumptiona con- 

tained in  several of these theoriee are eubject to question. Before comparing 

the data with theory, a calculation procedure will be outlined which attempts 

to use some of the recent data. In addition, some of the assumptions made in 

existing theories will be modified. 

Recent data provided by Jacobs and Shade [ 371 indicated that the vapor 

inside bubbles departing from a heated surface was superheated. The data 

were presented for pool boiling of carbon tetrachloride for a wide range of 

heat flux. Several temperature-time hirJtories for bubbles were presented 

and the majority showed considerable superheat with the values varying from 

2 to 11 degrees. The authors suggested that the probable reason for some 

bubbles not being superheated was that in those cases the thermocouple faiied 

to break through the bubble wall. The presence of superheated vapor inside a 

bubble would tend to reduce the growth rate predicted by the existing theories 

which all assume the vapor to be saturated. 

A knowledge of the thickness of the thermal layer surrounding the 

bubble, as it is initially formed, is an important factor in determining the 

heat fiux into the bubble from the layer, if the energy is assumed to be 

transferred by conduction. A6 explained in equation (4) Hsu and Grabam 

aeeume that this layer is a function of the nucleation site radius, rc. In 

general, this quantity is not known. In addition, the analysis le quite seneitive 

to the value of cavity radius chosen. This fact is iKastrated in Figure 25. 

Two seta of calculations were made for the growth rate of bubbles i n  saturated 
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Freon 113. As s h o k  in Figure 26, a change of cavity radius froiii 0,0001 foot 

to 0.00006 foot produced a eignificent change in the predicted growth rate. The 

effect of adding superheat is alRo shown in the figure and is seen to reduce the 

growth rate of the bubble. 

Experimental data provided by Upper; and Dnugall [ 381 indicate that 

the thermal layer thickness can be predicted if the hent transfer coefficient is 

known, Using the data which they presented for Freon 113 an2 their suggested 

correlation, 

This relationship will be used in the proposed bubble growth calculation 

method. 

Several investigators have proposed the exis t”  of a liquid micro- 

layor a t  the base of a growing bubble [39, 40, 41, 42, 43). Perhaps the best 

evidciice for the existence of such a layer is that presented by Sharp [39; and 

Torikai and Yamazakl [40]. By photographing bubbles growing on trmiyarent 

surfaces and using a suitable optical system the existence of the microlwer 

was demonstrated. Sharp proposes, as hsve other inveeti&utore, that the 

evaporation of this liquid layer probably account6 for the major fraction of 

heat transfer in nucleate boiling. 

In addition to demonstrating the existence of the liquid layer, Torikai 

and Yamazaki noted that a portion of the area beneath a growing bubble WM 

I 
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not covered by the liquid iiiicrokyer. The ratio of this dry area to the total 

area in contact with the heated surface was approximately 0.1 wer a wide 

range of heat fluxes. 

The analyses of Zbber and of Hsu and Graham nseume that the thermal 

iayer always romaine around the growing bubble. While thie may be true in 

some cases, i t  eeeme likely that in other casw the bubble grows through the 

thermal layer and moves a portion of the layer aside rather than moving it 

uniformly toward the bulk liquid. This seeiiis especially rikely at reduced 

gravity, since the bubble grows CO size8 of much more than pil order of 

megnitude larger than the thermal layer and remains on the surface for times 

of an order of magnitude longer than i n  1 g. Severcl investigators have p o -  

posed that the evaporation of the liquid microlayor between the growing 

bubble and the heated surface accounts for a major portion of the heat transfer 

in nucleate boihg .  It is proposed here that it aleo accounts for a major 

portion of the energy for bubble growth 88 i t  is continuously vaporized, and 

that at lo-. gravity levals where the bubble remains on the s-arface for long 

periods of time ana grows to largu Ciizes, it accounta for almost all of the 

growth after tke bubble becomes 8Ignificar;'ily larbz? than the thermal layer. 

The mrdol to be adopted is depicted in Figure 26. During the early 

growth of the bubble, the thermal layer completely surrounds the bubble. 

During this stage, thu bubble receives enorgy from L̂he mforokyer and from 

the thermal layer which covers ils entire surface area. Al l  ot thie energy is 

assumed to vaporize fluid and contribute to bubble growth. Z t  wili also be 

7' -- 

. .  
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w " d  that the dry portion of the area beneath tho bubble transmits energy to 

the Eubble end that this energy eerves to superheat the vapor ineide the bubble. 

It will  be aesumed that the mbchaniem of energy tranemittal for the dry area 

ia ccnduction through the vapor. 

It will be assumed that a8 the hubble growe, it grows throurrh tho 

thermal layer and that after its cap paeseli through the layer, energy is 

transmitted to the bvlk fluid by free convection. This enerqy is remwed 

from the vapor by conGeneation. The energy aecrociated with tt 3 condeneaticm 

mechanism i n  very emall when compared to the other mechanleme outlined 

in the came of a eaturated bulk liquid. 

Bulk Liquid T, 

- 
1'""' Heated  S u r f a c e  

(a) E a r l y  Growth 
S tage  

(b) L a t e  G r o w t h  
Stage 

FIGURE 26. BUBBLE GROWTH MODEL 

An energy balance for  the babble can be made which accounts for the 

energy traneporb diecuaeed above, yielding, 
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The constants, Cz and C3, account for the fractions of bubble imide and 

outmido of the thermal layor, roapectively, and tho factor of 0.9 le the ratio of 

dry area to wetted area beneath the bubble discueeecl in Reference 40. 

Asarming that the bubble ie spherical equation (0) yields 

In order to evaluate qr , it  wi l l  be aseumed that the thermal layer can be 

ropresentzd a e  a plate of thickness &, as determined by equation ( 6 ) .  It 

will be assumed that tht! thermal layer thickness ie constant for the portion 

of the bubble which it contacte. After  a portion of the bubble growe beyond 

the thermal layer, the contribution from the t h e w a l  layer to that portion of 

the bubble is replaced by convection from the bubble to the bulk fluid. The 

transient conduction equation to be used is 

c 

1 
I 

’ .  

and the boundary conditione will  be aedukned to be 

for o c x c b  

0(0 , t )  = 0 for t z O  

w , t )  = ebt. for t 2 0 where ebt = f(t)  . , 
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In order to obtain a solution for the heat flux, q, , at any time, it will  be 

assumed that the value of ebt at that time has been constant since growth 

was initiated. For values of superheat determined in ths calculatione, this 

aeeumption producee small errors. 

The eolution can be obtained by 

of the above boundary conditione. The 

separation of variablee and application 

eolution obtained is 

a n2 u2 t - e b t c o e ( n n )  - &Z nux Bin - 0 
6 

x 2  + -  c e = e b t T  A n n= 1 

a n 2 n t t  
eW (-p - - 62 

a 0  
n u x  + - ein -- 0 

2 
r b n n=l 

( 9 )  

L 

Evaluating the heat flux at x = 6 es q1 = - kz) 
& 

a n2 ut t 

(10) 
- aZ 

n=l 

The heat flux, %, will be assumed to be the same a8 the average 

heat flux over the heated eurface. This is coneietont with the assumption of 

Hsu and Graham [31 J . 
The heat flux, qc, for the portion of the bubble outeide the thermal 

layer will be obtained by using an empirfcal free convection correlation 

recommended by McAdame (44 J , 

'i 
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A8 prevlously stated, the enorgy transferred through the dry portion of the 

bubble babe kll be assumed to superheat tho v a p r ,  and it will he aaeumea 

that the niechtinism ie conduction. Equation (8) will be used with the boundary 

conditione: 

'(X,O) = 0 for 0 c x c 2 R  

e(o,t) = o for t 2 o 

Solving again by separation of variables, 

00 
X 2 cos(n n) 

('w-'bt) n 
e = ( e w - e  ) -  ;S 

n=l bt 2 R  n 

- a n 2 R Z t  
n ~x 4 RZ 
2 R  sin - e 

I 

Evaluating q, = - k - 
' )2R ' 
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Equations (71, (IO), (12) , and (14) may be solved in order to deter- 

mine bubble radius as a function of time. Due to the nature of ebt, the 

equation for bubble growth, equation (7), cannot be integrated directly. 

Instead, a finite dlfference solution was obtained using the IBM 1130 digital 

computer. 

Aduitional relationships include equation (5) for the thermal layer 

thicknelss, 6, and the following relationships for C2 and C,: 

& 
C 2 = A  =- 2R . 

s 

The temperature difference between the vapor inside the bubble and the 

saturated bulk fluid as a result of the curvature of the vapor-ljquid interface 

can be obtained from the Gibbe equation for the static equilibrium of the 

bubble, 

and the Claueiue-Clapeyron equation in the form 

. 
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These equations can be combfned to yield, 

2 uTs 

'b = 'sat . 

, 

At each time step, the contribution from equation (19) to the temperature of . 

the vapor inside &e bubble must be re-evaluakd since the bubble radius, R, 

is a function of time. 

A final relationship needed is one for the mtio of base area to surface 

. Bashford and Adams 1451 determined the geometric shape of Ab area, - A 

bubbles as a function of bihble volume and, as explained by Hsu and Graham, 

. However, Hsu Ab it is possible to use the tables famished to compute - 
and Graham found that little error would be introduced if it was assumed t h t  

\ 6 

As 

= 0.25 for R > 0.04 inch. Observa- Ab 0.5 for R < 0.04 inch and - A 
- Ab 
A s S 
tionb of bubbles growhg in saturated Freon 113 from the present data show 

that the hemispherical phase of bubble growth extends only to approximately 

R = 0.01 inch. Consequently, in both the calculations using the equatlons of 
A. 

D Hsu and Graham, and in the calculations using the derived equations - = 0 .5  
A. AS 

was used for R c 0.01 inch. The relstionship - = 0.25 for  R > 0.01 inch 
8 

A 

agreed well with the data and was used in both sets of calculations. 

In Figure 27, the reduced gravity data curve of Figure 23 is compared 

with several growt? theories. It can be seen that the actual bubble growth 

rate is much nearer the curve predicted by equations ( 7 ) ,  (IO), (12), and 

(14) than the curves predicted by the other theories. The deviation of the 

data from the predicted values in tile latter growth stage could be due to m y  
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reasons. The bubble superheat predicted by the stepwise integration of 

equation (14) produced only approximately 4 F during more than 0.3 second 

of grow& and during the early growth the superheat was quite low when 

compared with the values measured by Jacobs and Shade [ 37 j . An hcreased 

superheat would decrease the growth rate. It is possible that, contrary to 

what has been assumed, all of the energy transmitted from the thermal layer 

and from the heated wall does not produce vapor, but instead, part of the 

energy superheats the vapor. 

A coniparison of the standard grawity data of Figure 27 with the Hsu 

and Graham theory, and with the values predicted by the equations presented 

here, is made in Figure 28. Again, the values predicted by the proposed 

equations yield the best argument. 

In order to compare the theory developed here with a second set of 

data, a group of bubble growth rates was selected from the work of Schwartz 

(41. The data were found in Table D-7 of Reference 4. Data for bubbles 

which remained on the surface longer than 0.1 second are presented in 

Figure 29. Schwartz's data were taken at reduced gravity levels during 

flights of an Aero Commander aircraft which produced low gravity periods 

of 8 to 10 seconds by flying a Kcplerian trajectory. The data presented In 

Figure 29 were  taken at g levels ranging from 0.15 g to 0.32 g. The bubbles 

grew on a heated surface in saturated water. The thermal layer thickness 

data were again taken from the work of Lippert and Dougall 138). 
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As cen be seen from Figuw 29, the bubble diameter predicted is 

slightly lower in the latter growh stage than the data indicate. However, if 

the equation used to predict flux into the'bubble from the thermal layer, 

equation ( I O ) ,  is multiplied by rr/2 to account for the curvature of the 

bubble as suggested by Zuber (28) , the growth rate is predicted quite well. 

It is interesting to nota that the multiplication factor, n / 2 ,  has little effect 

during the mjori ty  of the lifetime of the bubble since most of the bubble moves 

beyond the thermal layer and beyond its  influence quite early. It can be seen 

that the growth rate in the lahr growth stage is predicted quite well either 

with or without the factor r/2, since the slopes of the two curves i~ the 

stage are approximately equal. This fact lends credence to the hypothesis 

that the growth rate in the latter stage is primarily due to evaporization of 

the microlayer. 

In the case of Freon 113, the proposed theory correlates the 

experimental data better than the other methods of calculation available. 

However, the correlation is stil l  f a r  from perfect. The fact that the propossd 

calculation procedure agreos as well as i t  does with the Freon and water data 

tends to eupport an actual mechanism which ie simulated to some extent by 

the model chosen. There are several are08 in the model which are subject 

to westion and some of these are summarized below. 

I. I h e  relationshfps used for %/As are certainly not exact 

throughout the entire w w t h  period and an error in this quantity would be 

strongly reflecteec ril &a predicted growth rate for the latter growth period. 
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2. The assumption that the bubble grows through the thermal layer, 

rather than moving i t  toward the bulk fluid, is probably too conservative for 

some fluids. The fact that the promsed equations overpredict the growth rates 

for Freon 113, and underpredict the growth retes for water, euggests that the 

actual mechsnism might vary from fluid to fluid. It seems reasonable that tbe 

actual mechanism with respect to the behavior of the bubble with rtigard to 

moving the thermal layer or  growing through it mjght be somewhere in between 

the two extremes and that it might not be the same for all fluids. 

3. The method used to predict vapor superheat is certainly subject to 

question. me bubble superheat is relatively low during the early stage of 

grcwth and i t  is at this time that the vapor superheat has the greatest effect 

OD the heat flux from the thermal layer. 

Coalescence uf Bthbles 

. .  _. 

’ i 

/ 

Several types of coalescence were observed at reduced gravity levels 

1 

which are not p re seh  o r  occur infrequently at 1 g. The typ most frequently 

observed involvse coalescence of bubbles growing on the surface. In several 

instances, bubbles growing on a horizootal surface were seen absorbing 

smaller bubbles adjacent to them. A sequence of photograplts showing this 

is given in Ngure 30. Occasionally, bubbles leave the surface at diameters 

somewhat smaller than normal. The rise velocity of these bubbles is smaller 

than average due to the lower buoyancy force aseocisted with ;he smaller - 

volume of the hbble.  In this case, the next bubble growing at the nucleation 

1 .  



t = O & o  t = 0.003 Sec t = 0.006 Sec t = 0.009 Sec 

t 0.012 sec t = 0.015 Sec t = 0.018 Sec 

Figure 30. Cod mellce of a Small Bubble by a Larger Bubble Growing ou a Horizontal Surface 
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site vacated by the departed bubble will sometimes be absorbed. The pho:o- 

graphs of Figure 31 illustrate this phenomenon. Siege1 and Keshock [23] 

reported the same types of coalescence as described above in their reduced 

gravity work with water. 

A final type of coalescence found in boiling from a horizontal surface 

was seen after the bubbles had departed from the surface and were rising 

through the fluid. Ehbbles whDse rise trajectories brought them close together 

would frequently merge. This happened sevcpal times so that the bubble 

became quite large. 

For the vertical surface, bubbles do not grow and depart in the same 

manner as on *.e horizontal surface with Freon 113. After  a short time, the 

bubbles would leave their nucleation site and slide up the surface (Figure 32). 

For 1 g, the bubble moved away from its site almost immediately and was 

usually seen to have m w t d  on the second frame on which the bubble was 

visible. A t  reduced gravity, several frames were  usually required to detect 

xrovement up on the surface. A t  both 1 g and at reduced gravit?, the bubbles 

remained very close to the surface and infrequently moved away from the 

influence of other bubbles growing on the surface. The result with the slow 

moving, large bubbles at reduced gravity was pronounced coalescence and 

vapor accumulation near the surface (Figure 33). This vapor accumulation 

8eems to have an effect on the heat transfer characteristics of the surface, as 

wil! be pointed out in a subsequent section. 
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t-oSec t = 0.087 &C t = 0.090 sec 

$ = 0.093 800 t = 0.096 Sec t = 0.099 seo 

FiguFe 31. Coalescence af a Bubble Growing on a Horizontal Surface by a Bubble Moving Away From the Surface 
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a. Standard Gravity 

b. Reduced Gravity . 

Figure 32. Bubbles Growing and Sliding Up a Vertical Surface 
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a. Standard Gravity 

b. Reduced Gravity 

Figure 33. Bubble Coalescence on a Vertical Surface at a 
Heat Flux Near the Incipient Point 
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Bubble Ceparture Diameters 

. 

The ratio at bubble departure diameters at 0.01 g and 0.02 g to the 

bubble departure diameters observed at  standard gravity are shown i n  

Figure 34. It can be seen that a wide scatter of ratios were  observed. This 

scatter is produced by a variation in departure diameter at the reduced gravity 

level. The departure diameters at standard gravity were  reasonably 

consistent and varied from 0.027 inch to 0.32 inch. Also shown in the figure 

are lines which ixiicate the departure diameter ratios predicted by Fritz [36] 

and Zuber 128). It can be seen that the data points f a l l ,  in general, above 

the Zuber predictions and below the Fritz prcdictions. In previous investiga- 

tions, Siegel and Keshock [23] and Schwartz [4] had found the Fritz equation 

to be valid for water in the acceleration range of this investigation, although 

Siegel and Keshock found tkot the Zuber equation was  better for acceleration 

levels greater tbaa 10 percent of standard gravi9. 

Reduced Gravity Nucleate Boiling Data 

As explained previously, the primary purpose of t 5 s  irvestigation 

was to determine the influence of reduced gravity and surface orientation on 

the mcleate portioo ai &e pool 'boiling curve. A buber of tests w e r e  con- 

ducted with the tro test heaters previously described, and the results of these 

are presented in reducea i w m  in Appendix A. In order to compare the results 

at reduced gravie with stanlard gravity, a standard gravity test was  a l w a y  
I 
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conducted immediately prior to the reduced gravity test. The results of these 

tests are also presented in Appendix A for comparison purposes. 

Due to the nature of the test heaters, a residual energy source was  

present behind the heater surface when the heater w a s  turned off (at aero- 

shield release for most reduced gravity tests). As a result, the dynamic 

calorimeter technique used by Mer te  and Clark 161 could not be used 

directly 13 produce a complete boiling curve. Psther, the data were 

hterpreted in terms of the observed differences between the predrop standard 

gravity test and the reduced gravity test. A significant difference was  seen in 

all cases with the 2 inch by 4 inch heater operating at maximum heat flux 

(5500 to 6000 BTU/hr-ft2) and with the 2 inch by 2 inch test heater, a signifi- 

cant difference waa also seen. In the ca8e of teats with the latter heater, the 

variahon betwew standard and reduced gravity was seen to decrease as the 

initial heat flux w w  increased to a maximum of 21,500 BTU/hr-f$. In terms 

of relating the resulte of the present investigation to previous investigations 

with different types of surfaces, it is significant that the direction of shift of 

the nucleate boiling curve observed during this investigation is a function of 

the orientation of the test surface with respect to acceleration vector. In 

order to i l lustrab the shift in the boiling cuxa and the influence of surfam 

orieutatian, some of the rdiw data will now be presented. 

The variation with acceleration level and the influence of surface 

orientation are illustrated by the data &own In  Figures 35 and 36. Figure 

35 is a comparison of the surface temperature versus timo for rhe heated 

? 
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a. Standard Gravity 

b. Redwed Gravity, 0.01 g 

FIGURE 36. COMPARISON OF STANDARD GRAVITY AND 
REDUCED GRAVITY FOR HORIZONTAL HEATED FACE 

DOWN - TEST lOF34, THERMOCOUPLE NO. 2 
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surface in the horizontrri position with the heated face upward. A much more 

rapid decay of the surface temperature is seen at reduced gravity than a t  

standard gravity, and an upward shift of the nucleate boiling curve is indicated. 

In contrast to the results with the heated face in an upward position, the data 

presented in Figure 36 for the heated surface in a downward position stow a 

retarded surface temperature decay rate at reduced gravity. For this 

orientation, the burface temperature increases elightly after the heater is 

turned off and does not decay below its original temperature for approximately 

2 seconds. The indicated shift for the boiling curve for the downward facing 

surface is in a downward direction. 

Further illustrations of the contrast between standard gravity and 

reduced gravity and the influence of surface orientation are given in Figures 

37 and 38. The temperature time traces depicted in these figures weme 

obtained by tracisg the r a w  data and applying the appropriate coordinate 

scales. Two of '%e four thermocouple trace6 are included to fflustrrte the 

consistency in temperature gradient seen over the surface. The data of 

Figures 35 and 37 for the horizontal surface facing upward are from the same 

test and the data d Figures 36 and 37 for the horizontal surface facing down- 

ward are from the same test. The data of Figure 38 for the surface in the 

vertical orientatica indicate that the boiling curve for this orientation U t e  

domward, but the Mt is not as pronounced as for the horizontal surface 

. 
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The results presented in the preceding figures were '&e3 from three 

sets of data for the various orientations. Several tests were conducted for 

the three different orientations, and the trend was always in the same direction 

for each orientation as that presented in the figures. 

The universal timer, which coiitrols the time of turnoff for the test 

heater, malfunctioned during one test with t\e heater in the vertical orientation. 

On this test, the heater w a s  turned off apprcximately 2 seconds prior to 

aeros2lield release rather than a t  the time of release. The result was  an 

interesting verification of the results presented previously for the vertical 

orientation. As seen in Figure 39, the decay rate of the heater surface 

temperature experiexed a marked change after the time of package release, 

which again indicates a shift of the boiling curve in the downward direction. 

The most desirable way to present the results of the investigation 

would be to present a complete standard gravity pool boiling curve and then 

a complete reduced gravity boiling curve so that they could be compared 

directly. As explained previously, however, the Nichrome heatlng element 

behind the heater surface constitutes a revidual energy source after the 

heater power has been turned off. The time rate of change of enthalpy of the 

heater mass does not, then, represent the boiling heat flux. Instead, M i 
,. . 

energy balance for the heater surface must include the energy source and the 

heat leak through the insulation must also be considered. The eystem involved 
i 1 

has a Biot Number of approximately 0.005 and may therefore be treated as a $ 4  ; I  
lumped syetem. ! i  
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Considering the energy source and heat leak through the i n s  dation, an 

energy balance for the heater surface may be writtan as, 

(20)  
/ ' m a s  ' element ' 

The heat leak through the insulation has been estimated (Appendix B) to be 

much less than 2 percent of the energy dissipation by boiling and could be 

neglected. The heat leak to the heater mass from the heater element is ,  

however, an unknown function of time. A t  the time when the heater is turned 

off, i t  should have the same value for both the reduced gravity test and the 

standard gravity test since both tests started at  the same power level and 

were initially at  steady state. At the time of power cutoff, equation (20) can 

be written for both standard gravity and reduced gravity and the two equations 

subtracted yielding, 

(21) 
m -"") m dH 
A dt heater 

This relationship can be used to obtain a value for the shift of the boiling curve 

near the beginning of tests. Its use after the first portion of tests is com- 

pletely valid ody  if no shift of the boiliug c w e  occurs and the energy input 

from the heater element is assumed to be the same function of time for both 

standard gravity and reduced gravity. 

! 

I 

i 



The time rate of enthalpy change of the heater'mass was calculated for 

all  tests from the reduced time versus surface temperature data and is 

presented in Appendix A. The specific heat versus temperature data for the 

copper used w a s  taken from Reference 46. The mass of each heater was 

determined by weighing the copper prior to heater assembly. In order to 
. 

1 

avoid the large number of hand calculations involved, a digital computer 

program was written to reLce the data. 

Equation (21) was used to obtain the shift of the boiling curve and 

sample results for the 2 inch by 4 inch horizontal heater facing upward are 

presented in Figure 40 plotted versus the difference between the surface 

temperature and the Freon saturation temperature. As explained previously, 

only the initial difference (at the highest value of T - T ) is completely 

valid. The difference between standard gravity and reduced gravity, at that 

point, ranges between 3000 and 5500 BTU/hr-ft'. Since the initial power level 

of this heater was approximately 5500 BTU/hr-f$, this represents a shift in 

the boiling curve between 50 and 100 percent in an upward direction. The 

w sat  

data of Figure 40 have been added to the standard gravity boiling curve and 

are presented with the more conventional log-log plot in Figure 41. 

Since the surface temperature changed very little for the vertical and 

horizontal heated face downward orientations, the values obtained from 

! 

. 
equation (21) for those orientaticlpls cannot be presented versus Tw - TBat. i 

Instead, Figure 42 gives the change seen versus time. 

horizontal surface with the heated face upward are also shown for  comparison. 
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In contrast to the latter data, a downward shift of approximately 10 percent 

* is seen for  the vertical surface and a downward shift of approximately 25 

[. percent is seen for the horizontal surface with the heating face downward. 

In order to investigate the behavior of the nucleate boiling curve at 

higher heat fluxes and to verify the results obtained with the 2 inch by 4 inch 
i I 
i 

I 

I 

1 

1 

i 

heater, several tests were run with the 2 inch by 2 iuc& heater previously 

described. The upper power limit for the t irst  heater \:PS fixed by the 

battery power carried on the test package. The second heater was made 

smaller h order to obtain a higher heat flux per unit area. 

The data obtained with the second heater a t  power levels of 7100 

BTU/hr-fg and 21,500 BTU/hr-fe are presented in Figure 43. The trend 

of the data is the same as that shown in Figure 42 for the f i rs t  heater. It is 

also intereeting that the magnitude of shift of the boiling cisve is reduced OB 

the heat flux is increased. This fact assumes more significance when con- 

sidered along with the standard gravity boiling curves to be presented in the 

following sectioa. 

Comparison of the data of Figures 42 and 43 reveal6 that the per! 

difference between the standard gravity m d  reduced gravity appear6 at a 

slightly greater time with the 2 inch by 2 inch heater. This waa c d  by 

the timing of heater power CUM by the llllfversal timer. Ths data plotted 

in Figure 43 ere relnted to the time from heater power terminrsfoa, snd this 

occurred on some teste prior to aeroehfeld releue. 

I 
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br < - Stmderd --. ..A Gravity Nucleate Boiling Data 
.\ 

?, 
& order to have a basis for comparison of the changes seen in the 

n u c h a  boiling curves for the various orientatior;s between I g and low g, 

i 
Y 
f 
$ 

2 

i 
stwdard gravity boiling curves were created using the procedures outlined in 

the Tost Procedures Section. The resblta for the 2 inch by 4 inch heater are 

presented in Figure 44 for the three orientations tested. The boiltag curve 

is seen to shift in an upward direction as the heater orientation is changed 

from horizontal heating face upward to vertical to horizontal heating face 

downward. The results for the heater in the horizontal position with the 

heating face downward are contrary to what was expected. AB can be seen 

from Figure 45, however, the same results were obtained for the 2 inch by 

2 inch heater. The data for the two heaters a re  ooqpred In Figure 46. 

Considering the fa& that two different heaters are involved and th8t a deviation 

of the nucleate boiling curve is expeoted between differeat surfaces, the 

agreement of Ihe two seta of data 10 quite satirfactory. 

In obtaining the data for the horizontal heating face downward, the 

heater :wfaoe war normally only approximntely I, 5 inches from the bottom 

af the teat container. In order to determine whether the loortion of the 

r u r f u ~  with rerpeot to the tert container Mluenoed the data, the dtitanoe 

waa inareosed to the rrme level 86 the heater rurh00 when krbd in the 

horironkl heated face upward porition. No signifloant a h g o  war roan la tbe 

mrulk. 
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An interesting feature of the data presented in Figure 45 is that aa 

the heat flux is increased, the curves seem to merge for the two horizontal 

orientatitma. la the region where the curves come together, the mechanism 

of boiling on the surface ie changing from that of isolated bubbles to continuous 

vapo~columns. The change of mechanisms at this point is confirmed by the 

observntiona of Llppert [47] in his work with Freon 113. 

Comparison of Nucleate Boiling Data With Previous Data 
and Existing Theories 

Somparison with Previous Data 

The conclusion of prior experimental inveettgators has been that the 
i 

nucleate boiling curve is not sensitive to reductions in acceleration level. 

The eifect d surface orientation has not been treated as significant in these 

investigations. It should be noted, however, that tho test  specimen tempera- 

krre changes, which have been doiected on prior investigations, indicate the 

same trend as seen in this investigation with respect to surface orientation. 

A brief eummary of Uese inveetigation's trendr will now be lirted for tbe 

purpose G: ready aomparieon with the reeulte of thir meearoh. 

1, 8herley [a] found that if a atatisticel line w11 drawn thmugb data 

obtrLasd Tor a horiroctal plate, the direotion of tempratum shift far a glven 

heat flux would be downward. 

1. Clodelter 17) debated a downward rhlft in temperature wing 

horirartai wimr and ribbonr. 



3. Siege1 and Keshock [ 8 )  found a downward shift in temperature 

using horizontal wires and upward shift in temperature with vertical wires .  

4, Schwartz's [4] data indicate a slight downward shift in temperature 

with a small horizontal surface. 

15. Papell and Faber [ j.1) found a downward shift in temperature with 

a small horizontal ribbon. 

6. Merte and Clark [5 ]  saw an upward shift in temperature with 

epheres. 

It can be seen that the upward shift in temperature with vertical surfaces and 

the downward shift in temperature with horizontal surfaces with the heated 

face upward seen in the present investigation are in agreement with the trends 

of the previous inveetigatians. No basis of comparison exists for the 

horizontal surface with the heated face downward. 

AB explained previously, the sire at the aurfaces used in some of the 

previous investigations has been approximately the same size pe &e bubbles 

at reduced gravity, For this reaeon, the small magnitude of shift in the 

nuoleate boiling curve found by these investigators is subjeot to some 

question. Bowever, this objectiun does not apply to the 2 square inch surface 

area uaed by Sherley. 

The variation in the directioa of the Wt of the nuoleate boiling o w e  

at reduoed gravity with eurface orientatioa found in thir inveotigation might 

poasibly explain the relative insenellivity d the rpherer of Merte rad Clark 

to reduotiom in gravity level, It would rebm that the rphera would 0ffwUveb 



rverpge the Vari8M0nS seen (iver its surface and could yield an overall shift 

which is insignificant while relatively 

nucleate boiling c w e  might exist on some a" of the sphere. 

positive and negative shifts of the 

Comparison with Boiling Models 

The nature of the results OS this investigation does not permit ctiroct 

comparisons with existing correlations and models. It is of interest, however, 

to compare the trends predicted by some of the more popular boiling models 

with respect to gravity level with the trends observed in this work. Some 

existing models are based on the stirring action of the bubble as it grows and 

departs from the heated surface. As exphined by Zuber !l), thin argument 

haa some validity in the regime ot i O O l 8 t e d  bubbles, but is questianrhle at 

bigher heat flue8 where the growing bubbles interfere with each other and 

vapor cdumns and vapor patches come into existence. The validity of the 

a.rgt"nt in the lower heat flux range waa verified somewhat by the work of 

Mixan, Chon, and Bert@ [48! by generating grs bubbles electrolyticplly at 

a boated surface. It WM found that the heat fllur at a given temperature 

differeaoe o d d  be inorereed by a faotor of 2 to 3. Even 8t a high generrtim 

rate d inert gaa bubbles, however, tbe heat trander cdf i c i en t  w u  still in 

the nuoleate boiling re@" The inwstlgrtions of W e  md Jawunk 1491 

rad Sohwartx 14) havo both lndioated t&t the omtribution to total energy 

removal from a ourhoe boiling in utur.ted water *oh W d  be attributed 

to latent heat iaoreued .I the heat flux b the aurfaco inommod. 
I .  
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In reporting his work m the effects of reduced gravity on boiling of 

saturated water, Schwartz analysed some of the existing models with respect 

to their predictions of the change of the nucleate boiling heat transfer 

coefficients with cbangesin acceleratim level. The results obtained are 

pertinent to the present work and w i l l  be reviewed in the following paragraphs. 

Zuber [SO] suggest8 that the mechanism involved in energy removal 

in the isolated bubble region d the nucleate boiiing curve is sixilar to that 

involved in turbulent natural convection from a horizontal surface since in 

both cases the heat transfer is cause3 by an "up-draught" circulation. The 

equations used in turbulent natural convection were used in the isolated bubble 

regime by making a suitable modification to the fluid density to include the 

vapor present. Schwartz has examined the terms ob the equation resulting 

from the analysis and finds that, as would be expected from the analogy 

with free convection, the relationship io gravity depeadf't. In terms of the 

effect ob gravity level, the equation ia 

and, as pointed out by Schwarb, at low gravily levels, 



and this mechanism varies directly with acceleration level, It is interesting 

thaL the trend found by Merte and Clark 1131, and o a e r  invesCgators in 

accelemted systems at low heat fluxes is consistent with the trend predicted 

but is in the opy;osite direction at high heat fluxes. The results at high b a t  

fluxes ue probably out d the isolated bubble reglme and not compatible Wth 

Zuber's basic assumptian. 

Tien [ iil? has assumed that the flow field induced br &e departing 

bubbles in the isolated bubble regime may be represented by an inverted 

stagnaticm flow. Solutions are available for the Navier-Stokes equations for 

plane now representing this case and Tien used such a solutior to obtain a 

heat transfer coefficient of the form 

0.6 
b = 1.32 (%I k 

AS pohted out by Schwartz, the parameter r is defined as 

8' r=- 
nr - 

and tb coastant, as, appeering in this rehtionship is related to the velocity 

paralleltothewdl 



i 

, 

, 

transfer coefficient is gravity dependent. The direction of the dependence 

would yield a decrease in heat transfer with a reduction in gravity level, 

since the bubble rise velocity decreases at reduced gravity. This is opposite 

to the direction of shift observed in the present work for &e horizontal surface 

with the heated face upward. This is the only orlentation use$ with which the 

model cm be compared. 

Han and Griffith [52] have proposed a model for the region of isohted 

bubbles which includes the natural convection fram the area of the surface not 

influenced by growfng and departing bubbles and a bulk c o n v ~ t i o n  term for the 

portion of the surface influenced by bubbles. The authors argue that when a 

bubble leaves the surface, it carries away the superheated thermal layer in 

contact with the heated surface within an influence circle, whom diameter 

is two times the diameter d the departing bubble. The energy removed in 

this manuer was calculated using transient conduction results which were 

applied mer the time of growth of the vapor bubble. The contribution due 

to t&e latent heat d the vapor inside the bubble was included In the bulk 

ccrvection term and the authors argue that it is emall In comparisoa to the 

other Wo terms. Schwartz ha6 taken the expression derived and, neglecting 

the latent heat term, 8rronged it in a form such that the gravity dependencs 

may be determined. The relationship iD thid form le 

q - N u + f D t d f  
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v2 
Han and Griffith suggest that the t h e r d k y e r  thickness 6 - (+) . At  

reduced gravity, the influencer of natural convecticn may be neglected and the 

expreesion €or q then become6 

For the present inveetigation, the bubble frequency, f ,  hrre been eeen to vary 

approximately in proportion to a pad the prediction for variation of bubble 

departure dinmetere by Fritz of - D - ($) ‘ I2  ~ e e m ~  reasonable, In term 

of dependewe on gravity level, the heot flu expression then becomes, 
DO 

In contra& to the two model6 deecribed prevlouely, the direction of #hiit of 

the nucleate boiling curve nt reduced gravity for the horizontal ourtorre with 

the heated face upward i s  predicted by the Hm and Griffith model. The reedto 

of Me& Pad Clark for high Pcce!eraUon at low heat flux might rleo be 

predlcted slnce in (bir c u e  the free convection term which w u  deleted above 

would have to be lncluded and might overshadow tbe decreaoe predioted by the 

portion of the total expression reprerented by equation (291, A modiflortion 

of Ulir mods1 might also expWn UIQ increeoed e4ficiemy of nwleab  boiling 

from vertical rutfacer and horteonbl ruFfrcer Mtb tbe beating fnoe downward 

rt stpnrllrd gravlu. In both cuea,  the vapor bubbler were seen to elide or011 

the heated rurface ud r disruption d the tbermnl layer probnbly rerulted 

i 
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whioh could be analogoue to the thermal layer removal portlon of the Han and. 

Grifflth model, 

In addition to the energy removal mechanisms involved in the foregoing 

modele, the m e 8  transport model postulated by Snyder and Robin (431 

deoervee conelderation with reepeot to the roeulte of this investlgatlon. The 

model poetulates that evaporatlon ocaure from a thLn film of liquid between 

the bubble vapor and the heated wall  and is daposited eimultaneouely by 

condensation a t  the top of the vapor bubble, It was  eurmieed by Snyder and 

Robin that the energy depoeited by condeneation qt the top of the bubble WBB 

convected to the bulk fluid by turbulent eddler at the liquid-vapor interface. 

Photographic evidenae for the existence of the proposed microlayer has been 

cited ln a previous section, and measuremnts of rapid temperature flwtua- 

Uanr of the heated ourface beneath growing bubbler (54, 5 5 )  support that 

evidenoe, Snyder and Robin 1.431 have s h o w  experimentally that the sn.aB13 

transfer meuhanism can be significant in turbulent rubomled forced convec- 

Uon nyoleate boiling, They found that the energy truloferred by a single 

bubble woe from 10 to 100 times as great as tbe Iatent heat content of the vapor 

hrlde the bobble. 

. 

s 

a If Ure removal mechaniom were premnt, tbe.maro tranoport model 

oould explain the incooore In heat tranofer coeffiolent men In tbe current 

e fnveotigatlon for the horimntal surface wltb the herted faoe upward. For Ulir 

model, most of the anergy io oroumed to come from vaporizing liquid 

rublayer, As ohown earlier, ot reduaed Kravitj, the bubble 10 *:e-.VicaaJy 

I 
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larger than at rtandard gravit;y and more microlayer would be in oontaot wit& 

the heated eurfaae. Reoent work by McOrew 135) ha8 ohown that the ve1ooi:y 

field orsooiated with ourfme tension gradientr around gar bubbler on a heatod 

wall  producer velwitieo of the same magnitude (0.2 ft/seo) as wed by 

Bnyder at the lower end of tbe velocity range in hio experimentr. VelooiUer 

of this magnitude produced energy tranrfer rabe for bubble6 of a faotor of 

10 greater than that of the latent energy oonteat of the vapor of the bubbld. 

Tke reoent work of Hospeti 1561 has yielded aome interesting data on 

mforoltayer vaporlaation. In Mu work, he found that the oontributlon to total 

energy ramoval by vaporization of the mlorolayer inoreneed progreerively for 

rpheriod, oblate, and hemlophertool bubbleo. The direation of inorearin# 

oontrlbutlon of the miorolayer i s  that of increasing aurfaoe arm in oontaot 

with the heated rurfaoe, and UIie ir the lame phenomenon whloh ooaurr with 

a reduotion in rooeleration level, An inoreaoed heat tranofsr ooefftoieat aar 

ilro reen at a tudard  gravity when the heated surfaoe wam turned from the, 

heated faoe upward to the heated C a m  downward orientation. It WOO noted that 

the bubble oiaes inoreared by apprwimrtely an order of mapnitude @r a rsrult  

of the ohange. Horpoti alro found that the oontribution of miorolayer vaporicr- 

Uon to t a l  energy removal dsoreaser with inoreasing beat f lu ,  'Ria 
i 

observation fr oonrirtent wlth the findhg of Wr investigation that tlu rhift 

in the boilirg ouwe with a reduotion in gravify level deoreuslr am heat flw i~ 

inorewed for h e  boricontal rurfaoe with the heated fms upward. It Ir alro 

oonslsbat with tbs frot &at the boiling oumos lor the hoabd faoe upward urd 

, 



heated faoe downward at 

(Flaure 46). 

Adelberg [ 561 hae 

etandard gravity merge at high heat fluxes 

euggeetad that the criterion for gravity dependenoe 

of the boiling oume in the nuoleate boiling regime i s  the relative magnitude of 

the boiling Froude number. The number le defined ae the ratio of the dynamio 

foroe to the buoyanoy foroe aoting on the growlug bubble where the foroe 

aoeooiated with the inertia of the liquid dieplaced by the growing bubbla ia 

defined as the bubble dynamio foroe, It was reaeoned that lor large Froude 

numbere, the relative influenae of the buoyanoy force would be small and the 

reault would be that the nuoleah balling regime would be independent of aooelera- 

tion level, Merte and Clark 161 ooloulatad a Froude number of 468 for liquid 

nitrogen and 363 for liquid hydrogen, and the msulto, aooording to the theory 

of Adelberg, verify the look d depeadenoe on gravity eeen by Merte and 

Clark 161 and 8herley 181 for liquld nitrogen and liquid hydrogen, reopeotlvely. 

However, the valuer of Froude number wer0 obtained urlng a bubble radluo 

of 0,006 inoh and wing the bubble growth eqwUon of Forster and Zuber [ 27 J,  

The relationship used oonCaineJ R-#, In oaldating a Froude number for 

water uaing the same prooedure, a value of t4,OOO war obtained with the oame 

1 

I 

t 

I 

i bubble radius, Reoent data provided by Ebhwutr. indioate that the radii of 

bubbler departtng In water at 1 g are approxtnrrtely 0,031 tnoh, Urlng the 

maximum radius and growth Unie data precspbd by Sohwarlr 141 , and the 

rpproximataly relatlonohip for Frwdc number (me Apjmndk C )  prerented by 
i 

AdelberE l56J, Froude nunilerr u( from 0.19 to 0.811 were obtained for 



g levelr ranging from 0.04 g to 1 g. There values are omsirtent with valuer 

of approximately 0.5 reported in the work of 'Jsiokin and Siege1 131 for water, 

The R'' dependenoe of the re!ationship ured by Merte and Clark oould produoe 

lrrm error@ i f  the bubble alter a " 0 d  wre lnoorreot and thls, ooupled 

with the theoretioal growth rate equation, leaves the Froude numbers produoed 

for liquid nitrogen and liquid hydrogen open to quertion. 

The apprwtmate teohnique for oa1oulatir.g tho Froude number developed 

by Adelbsrg 1561 waa applied to bubble diameterr and growth timoo for 

Freon 113 taken from the present investigation. At  standard yravitJr, the 

valuer obtained varied from 0.10 to 0.71 whloh indioatea a gravity dependenoe 

for Freon 113 in the nuoleate boiling region, and ruoh a dependenoe war found 

in the ourrent work, 

The downward shift of the nuoleate boiling ourve at reduoed gravlQ with 

the heated eurfaoe in the vertioal and horWonta1 heated fnoe downward 

orientationr seemn to indioatrt that the energy removal meohanlam pressnt 

a t  standard gravity for these orientations har been wedwed, Thin indioates 

that, even though the enerm removal meobantsm war enhanoed for the 

horizontal rurfaoe with the heated faoe upnard, n reduotion of the aooeleratlon 

level b mro and the rerultlng vapor aooumulatlon on tke horlrontrl upward 

faolng rurfwe might reversa tho trend r)oen, 

! 
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SUMMARY AND CONC LU8ION8 

1, Bubble growth rater In eaturated Freon 113 a t  atmorpherio 

yresoure am not predioted by extoting theorier. A new oaloulation procedure 

waa outlined whioh allowed the bubble to grow through the thermal layer 

rather than moving i t  uniformly away from the wall  and uoed some reoently 

provided data M the thermal layer thiokneoo and nature of bubbles growing 

on a heated aurfaoe. Thio oaloulntion prooedure predioted the bubble growth 

rates :n Fmon 11.9 better than exioting thtloriee and aloo pradlcted the ~ r o w t h  

rate6 for bubblee growing on a heated ourfaoe in raturated water quite well. 

The neturs of the results in the latter growth atage rupported the hyptheoio 

that bubble growth rate a t  redwed gravity during thio o t a p  ir eupported 

prlmarily by vaporiaatian of a liquid miorolyer between the hbble vapor and 

tho heated wall, 

8.  Several lyprro of bubble ooaleooenoe wore dlsousvtd. It waa 

oboerved that ooaleooenoe of bubblee eliding up a vertioal surfroe at reduood 

gravitJl produoed large vapor aoounrulattw\r near the aurfaoe. At reduusd 

gravity, the Jfeotlve heat tranafer ooefflolent for the vurUoal eudaos and for 

ole horizontal rui-faoe wIth the heated fnoe downward wm reen to deomae, 

probrb!y no a mrult of vapor aooumulaUoR. 

1 
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3. A large roatter wan reen in bubble departure diametero at reduoed 

gravity, In general, the departure diametero were men to fall between the 

valuer, predioted by Fritz and those predioted by Zuber, 

4, The looation of the nuoleate boiling ourve in the isolated bubhle 

region war found to be dependent oa both effeotive aooeleration level and on the 

o?fentatian d the ourfaoe, At an aooelerahn level a0 0.01 g, tne boiling 

ouwe was seen to ohift upwerd far the heatad ourfaoe in the horizontal 

porttion with the heated faoe upwcrd and ehifted downward for the vertioal 

nurfaoe and the horirontal rurfaoe with the heated faoe downward, ' f ie  

magnitude d the downward ohift woo greater Cor the heated faoe downward 

than for the vertioal rudaoe, 

6, At rtandard gravity, the looation ol the nuoleab boiling ouwe \vas 

lound to be a funotion of the orientation of tha heated eurfaoe with reopeot to 

the aooeleratton veotor. The boiling ourve woo oboerved to ohift upward an 

the rurtroe orientation wao ohanged from horirontal heated faoe upward to 

vertioal and wan shifted upward again when the ourfaoe orientation war 

o$anged to horirantal heated hoe downward, " h i m  ahlit wan oboerved with 

both d the healerr umd in the bdling ouwe invertigotion, 

6, Prevlour tnveoUgsUunr had found inrignifioant rhlltr of the boiling 

ouwe betweon r h d a r d  &sd reduoed gravity, However, the direotion of the 

ohanger rem bo( prsviaue LnverUgatorr are the rams a0 t h 6 ~  obrarved tn 

Ultr otucty, The small nugnltude d boiling o w e  ohanm men by Rome 

previae hvesUgaCom might bu explained by the faot that tho heat trader 



surfaoer uaed in most of the inveetigationo we&- of the name relative oire 

a8 ths'bubbles a t  reduoed gravlty, In other oaoetz, the Ineignlffoant ohangee 

PBM oould have been R result d multiple orlentatlone of heater eurzaoe with 

merpsot to aooeleration veotor and a reoulting ~anoeilotion ul the effeote 

prerent for tks various orienktiano, 

7. A ooxtparioon of the trendo predioted lor ohifting of the nuoleate 

boiling ourve by oome of the wiating nuoleate bailing niodele for a reduotion 

in aooeleration level hae ohown that the modelo a m  not ooneioten!. ol the 

modelo inveotigated, anly the Han and ariffith onthalpy tranoport model 

indiorted a ahift in the direotion found in thin InvasUgation. It wan ouggeotad 

that the mano tranoport model of Enyder might aloo explain &he ceeulto uf thio 

work. 

8, Wen though the etrergy removal ineohonlom war tuhanoed aF 

0,Ol # for the horirontal su"fn0e faoing upward, the deorerme In the h i l i l y  

he3  tranoler ooemoient lor the vertioal and horlrwtal rurfaoe Oaoing down- 

ward wiertatianr inctioater that a rtiduoUon of aooeleratim level to aero and 

the maultin# vapor aooumulauon might o a u o  a dec(r0are d the bolliw oupve 

for all orienCatlanr, 

I 
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TiSW 

-- 
9 

I. 0 
4.32 
8.08 
IO. 48 

0 
I. 0 
4 3 2  

8 
115 
432 
a. 4s 
a 08 

10.48 
13.42 

245.8 
145.6E 
142, s 
138.3 
130.4 

16 .8  
145- 7 

142 3 

1 4 5  8 
145,8 
142 2 
139.2 
138.3 
1%. 3 
13c7 - 

'w - 'BAT 
('PI 

I Y  

29. z9 
29.14 
25.79 
21.79 
!9.89 

29.29 
a. 15 
25.79 

29.29 
28.29 
25.79 
22 69 
21.79 
19.79 
18. I9 

147. 1 
990.9 

I Q U  7 
777. s 
701.5 

98.2 
1OU5.7 
1005.7 

0 
1084.3 
1409.49 
552.4 
818.4 
536 5 
53c 5 

- .  
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%.-le No. 

2 

0 
9. 25 
0.64 
1.94 
do6 

0 
I. 0 
2J38 
6.71 
IO. 85 

9 
1.0 
1.65 
4.42 
7.91 

10.90 

146.0 
145.0 
343.9 
141.9 
140.0 

147.6 
147.6 
145.9 
141.7 
138.6 

147. 8 
147.8 
147.1 
145.0 
139.9 
138.7 

29. S 
28.5 
27.4 
25.4 
23.6 

31. I 
31. 1 
29.4 
25.2 
22.1 

31.3 
31.3 
30.6 
28.6 
24.4 
22.2 

- -~ 

3928.4 
2770.0 
1510.9 
880.2 
880.2 

0 
1209.8 
96% 6 
735 4 
735. 4 

0 
1057.7 
744.6 

1153.7 
722.6 
722.6 

, 

. .  
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Comments 

PredropNo. 3, 
Initial Flux 
= 6280 BTU/hr ft2 

Reduced Grad@, 
Initial Flux 
= 6780 BTU/hr ft2 

Predrop No.. 1, 
Initial Flux 
= 6210 BTU hr ft2 

TABLE A-1. BOILING HEAT TRANSFER DATA ( Canthud) 

Test No. lOF20 (Continued) 

Thermocouple No. 

See note cm page A - 2  a 

0 

Time 
sed 

0 
1.0 
2 88 
6.36 
9.86 

12 2 

c 
0.37 
0.68 
1.16 
1.66 
2 15 
3.02 

0 
1.0 
2 55 
5.85 
& 75 

12 1 

147.8 
147.8 
145.7 
142  3 
139.4 
138.2 

148.1 
146.8 
146.0 
145.1 
144.4 
144.0 
143.4 

146.8 
145.8 
146.0 
142 0 
139.3 
136.8 

31.3 
31.3 
29. 2 
25.8 
2 2  9 
21.7 

31.6 
30.3 
29.5 
28.6 
27.9 
27.5 
26.9 

30.3 
30.3 
29.5 
25.5 
22.8 
20.3 

%? Heater Enthal 
Change Rate 
(BTU/hr ft', 

0 
1097.0 
959.5 
813.6 
503.6 
603.6 

3450.6 
2534.4 
1841.5 
1374.9 
801.7 
677.3 
677.3 

0 
506.8 

1190.4 
914 4 
732  9 
7 3 2  9 
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TABLE A-1. (Continued) 

Test No. lOF20 (Continued) 

. 

Comments 

predrop No. 2, 
Initial Flux 
= 6280 BTU hr ft2 

Predrop KO. 3, 
Initial Flux 
= 6280 BTUJhr ft' 

R e d d  Gram, 
Initial €lux 
= 5780 BTU/hr d 

Thermocouple No. 

see note page A - 2  
a 

. , ,  . , 

Time 
( s e d  

0 
0.9 
2 25 
5.55 
8.05 

10.05 

0 
1.0 
2 75 
7.65 

11.15 

0 
0.25 
3.77 
1. 27 
2 2 7  
3.77 

146.8 
146.8 
145.7 
1 4 2 3  
139.9 
138.2 

146.8 
146.8 
145.1 
140.2 
137.6 

147.5 
146.3 
145.1 
1.14.2 
142.9 
142  0 

30.3 
30.3 
29. 2 
25.8 
23.4 
21.7 

30.3 
30.3 
23.6 
23.7 
21.0 

31.0 
29.8 
28.6 
27.7 
26.4 
25.5 

HeaterEnthalpg 

(BTU/hr ft9 
changc Ratea 

0 
800.2 

1011.8 
942  8 
681.5 
681.5 

0 
,9540 
982  1 
757.6 
757.6 

4715.1 
2266.4 
1767.7 
1276.7 
589.3 
589.3 



e 
N 
h) 

.%Edrap No. 1, 
Initial Flux 
= 6210 B"U/hr f? 

predrap No. 2, 
Initial Flux 
= 6280 BTU/bt ft? 

PredropNo. 3, 
Initial Flux 
= 6280 BTU/hr ft2 

=Grpvity, 
Initial Flux 
= 5780 BTU/hr 

TABLE A-1. ( C~atinUed) 

Test No. 1OF20 (Concluded) 

%?e note on page A-2. 

. . 

Time 
t sec) 

0 

7.89 
10.62 
13.55 

0. a2 

0 
0.82 
7.89 
10.62 

0 
0.82 
7.89 
10.6% 
13.55 

0 
0.25 
0.64 
1.75 
2 25 

Temperature 
('FJ 

144.9 
144.9 
138.0 
136.0 
134.3 

145.0 
145.0 
138.2 
136.1 

145.1 
143.1 
138.3 
136.1 
134.3 

145-2 
144.3 
143.6 
141.8 
141.3 

28.4 
28.4 
21.5 
19.5 

, 17.8 

28.5 
28.5 
21.7 
19.6 

28.6 
28.6 
21.8 
19.6 
17- 8 

.2&.7 
27.8 
27.1 
25.3 
24. 8 

0 
958.5 
719.5 

569.8 
569. a 

0 
944.6 
755.5 
7 5 5  5 

0 
944.6 
751.4 
603.3 
603.3 

3535 5 
1762'8 
1592 6 
982 1 
992  1 



PreBropNa 1, 
Initial Flux 
= 5710 BTU/br Af 

Reduced Grrvity, 
Initial Flux 
= 5540 BTU/hr rt' 

P"QNo. 1, 
MUal  Flu% 
= 5710 B T U b  ft' 

TABLEA-L ( C o e d  

Test No. lOF2.1 
Hest& surface Upward 2 x 4 in. Heater 

Thermocouple No. 

a See note aa page A-2. 

~ 

TiZM 
(set) 

0 
1.0 
4.58 
5.92 

10.40 
8.40 

0 
0-32 
0.71 
1-61 
2 02 
3.72 

0 
1.0 
2 0  
4 5  
6.5 

w 

Temperature 
(OF) 

147.0 
147.0 

142 8 
141.4 
140.4 

147.9 
145.1 
144.0 
142  3 
141.3 
139.9 

143. a 

146.1 
148.1 
147.3 
144.3 
143.3 

Tw *- 'SAT . 
(OF! 

I 

30.5 
30.5 
27.3 
26.3 
24.9 
23.9 

30.4 
26.6 
27.5 
25.8 
24.8 
23.4 

31.6 
31.6 
30.8 
27.9 
26.8 

Heater 
change Rat@ 

\BTU/hr f 6  

0 
977.8 
732  9 
554.4 
491.1 
491.1 

5524.4 
2769.9 
1855.1 
1383.2 
982 1 
932 1 

0 
785.7 

1179.5 
49;. 1 
491.1 



TABLE A-1. (C~atb!~ed) 

Test No. 10F21 (Continued) 

Reduced Gravity, 
Initial Flux 
= 5540 BTU/hr ft' 

P n d r o p N Q b  1, 
Initial Flux 
= 5710 BTU/hr f$ 

Thermocouple No. 
Time 
\set) 

0 
0.31 
0.67 
1.20 
2 07 
3.60 

0 
0.7 
e 12 
6.40 
9.46 

0 
0.3 
0.68 
1. 28 
2.2 
3.32 

-- 

8 . Ses Wse O(I  age A-2. 

147.7 
146.2 
144.8 
143.8 
142.5 
141.3 

146.8 
146.8 
143.8 
142 3 
140.2 

145.4 . 
144 2 
143.1 
142 2 
141.2 
140.2 

31.2 
29.7 
28.3 
27.3 
26.0 
29. a 

30.3 
31). 3 
27.3 
25. 8 
23.7 

28.9 
27.7 
26.6 
25.7 
24.7 
23.6 

(BTU/hr ffi 
~ 

4752 1 
3919.3 

1467.5 
770.3 
770.3 

0 
881.5 

. 6212 
692 1 
692 1 

1653. o 

392s. 4 
2842 9 
1473.1 
1067.5 
8'76.9 
876.9 



Predrop No. 1, 
Initial Flux 
= 5710 BTU/hr ft2 

0.36 
0.92 
2 2  
3.52 

R e d d .  orxvity, 
Initial Flux 
= 5540 BTU/hr ft' 

143.2 
142 0 
140.2 
139.0 

TABLE A-1. (Co~tinued) 

Test No. lOF21 (Concluded) 
~~~ 

Thermocouple No. 

L 
N 
ut 

see note 011 pa@ A - 2  a 

Time 
t sed 

0 
0.8 
1.9 
4 5  
7.28 

10.48 

Temperature 
t o  F) 

14s. 7 
115.7 
144.6 
1 4 2  3 
140.7 
139.1 

- 

. .  
\ 

Heater Ecthalpy 

(BTU/hr ft') 

29.2 
29.2 
28. 1 
25.8 
24.2 
22 6 

28. 4 
26.7 
25.5 
23.7 
2 2  s 

0 

868. S 
565.2 
491.0 
491.0 

982 i 

4637.7 . 
2104 5 
1391.1 
8 9 2 8  . 

s 9 2  8 

! 

' '  \ 



PredropNo. 1, 
Initial Flux 
= 5880 BTU/hr 

PredrOpNa 2, 
Initial Flux 
= 5880 BTU/hr ft2 

TABLE A-1. (C~atinUed) 

Test No. lOF22 
H @ a M  Surface L'pward 2 x 4 tn. Heater 

I 
P i e  Temperature 
t sec) t 'F) 

0 146.3 
0.75 146.3 
2 77 144 1 
e 20 142  8 
5.70 141.8 
i. 25 i 140.9 

0 
0.75 
2 71 
e 2  
5.2 
7.17 

146.3 
146.3 
la 0 
142 7 
141.8 
140.8 

146.0 
143.9 ii 1 141.1 141.8 

1428 

29.8 
29.8 
27.6 
26.3 
25. 3 
24.4 

-2.6 
29. S 
27.5 
26.2 
25.3 
24.3 

29.5 
27.4 
26.3 
25.3 
24.6 

8 See note aa page A-2, 

Heater Enthalpy 
cage Ratea 

t BTU/hr €t? 

0 
1069.6 
892.8 
654.7 
3 6 . 6  
346.6 

0 
1152 4 
856.9 
853.9 
49s. 5 
499.5 

3437.3 
216V. 6 
196-1 2 
137.1 9 
1371 9 



. .. 

7 BLE A-1. (Coatinmi) 

. Test No. lOF22 (Continued) 

Comments 

PredropNo. 1, 
Initial Flux 
= 5880 BTU/hr ft' 

PredropNo. 2, 
Initial Flux - 5880 BTU/hr f? 

Reduced Gravity, 
xaltinl F l u  
= 5670 BTU/hr ft' 

Thermocouple No. 

2 

2 

2 

See aote 011 page A-2. a 

. .. . .... .. ,. 

Time 
1 sed 

0 
0.75 
2. 07 
3.25 
4.25 
6.75 

0 
0.75 
z 88 
4.80 
6.40 
7.75 

0 
0.35 
0.80 
1.5 
2. 2 
2.95 

147.3 
147.3 
146.0 
144.8 
143.9 
142  3 

147.7 
147.7 
145.2 
143.7 
142. s 
142.1 

147.2 
146.8 
14& 4 
143.3 
1 4 2 2  
141.9 - 

30.8 
30. d 
29.5 
28.3 
27.4 
25.8 

31.2 
31. 2 
os. 7 
27.2 
26.2 
25.6 

30.7 
29, 3 
27.9 
26.9 
25.7 
25.3 

Heater Enthalpy 
Change &tea 

(BTU/hr ft? 

0 
967.2 
998.7 
883.9 
b2S. 5 
628.5 

0 
1152.7 
767.3 
552.4 
509.2 
509.2 

3928.3 
- 5053.4 

1543.3 
1540.3 
323. s 
523.8 

\ 



I. 

TABLE A-1. (Cantlnued) 

Test No. lOFL2 (Continued) 

Comments 

Prdrop  No. I ,  
Initial Flux 
= 588G BTU/hr ft2 

"a 2, 
Initial Flux 
= 5880 BTU/hr ft2 

Heduced Gravity, 
Initial Flux - 5670 BTU/hr ft2 

Thermocouple No. 

See note un page A-2. a 

, 

Time 
( sed  

0 
0.5 
1.3 
3.0 
1.5 
5. 5 
7.5 

0 
0.5 
1.48 
3.03 
4.4 
5.6 
7.6 

0 
0.44 
1.02 
1.52 
2.02 

7'. !mr\srature 
(OF) 

147.8 
14'7.6 
147.0 
145. S 
144.0 
143.3 
142.1 

147.8 
147.8 
147.0 
145.2 
144.1 
143.2 
142.0 

146.8 
145.2 
143.8 - 
142.8 
142.2 
I l l .  7 

31.3 
31.3 

. 30.5 
28. 8 
27.5 
26.8 
25.6 

31.3 
31.3 
30.5 
28.7 
2'7.6 
26.7 
25.5 

30.3 
28.7 
2?s 
26.3 
25 7 
25,t 

- 

Heater Enthalpy 
Cbnge Ratea 
(BTU/hr ft3 

0 
785.7 

1113.1 
851.1 
687.5 
589.3 
589.3 

0 
801.7 

1104.9 

78% 7 
736.1 
'736.7 

818 4 

3571.3 
2370.6 
1964.2 

591.6 
5'31.6 

1178 5 



I '  

I 

i 

i 
! 

! 

I 
I 

Predrop No. 1, 
Initial Flux 
= 5880 BTU/hr ftz 

h.odrop No. 2, 
Inidal Flux 
= 5880 BTU/hr ftZ 

Reduced Gravity, 
Initial Flux 
= 5670 BTU/hr ftt 

TABLE A-1. *(C~ntiaud) 

Test No. lOF22 (Concluded) 

Thermocouple No. 
- 

4 

4 

4 

a See noto on page A-2. 

0 
0.5 
3. 45 
5.72 
7. 2 
a. 7 

0 
0.5 
2. 1 
3.3 
4. 3 
5.3 
6. 8 

0 
0.2 
0.75 
1.25 
1.75 
2.75 

Temperature 
('F) 

145.1 
145.1 
142.3 
140.7 
139. 8 
139.2 

145.3 
145.3 
143.6 
142.6 
141.8 
141.0 
140.0 

146.6 
144.3 
142.8 
141. 8 
141.0 
139.8 

28.6 
28.6 
25. 8 
24.2 
23.3 
22.7 

28. 8 
25.8 
27.1 
26. 1 
25.3 
24. 5 
23. 5 

29.1 
27. 8 
26.3 
25.3 
24.5 
29. 3 ' 

Heater Eatbalpy 
Change Ratea 
t 3 T U b  ft3 

~ 

0 
932.1 
692.2 
591. : 
S9?, 8 
392 8 

0 
104s. 5 
s1a 1 
755.7 
785.7 
9sz, 1 
952.1 

5110.0 
2678.4 
1964.2 
,;571.3 
117s. 5 
1175.5 

, 



TABLE A- 1. Continued) 

Test No, lOF23 
Heated Surface Upward 2 x 4 in. Heater 

Cammenb 
~- 

Predrop No. 1, 
Initial Flux 
= 5570 BTU/hr ft2 

Reduced Gravity, 
Initial Flux 
= 5570 BTU/hr ft2 

& h o p  No. I, 
Initial Flux 
= 5570 BTU/hr ft2 

Thennocouple No. 

'&e note on page A-2. 

. 

Time 
( sec) 

~ ~~ 

0 
0.9 
5.0 
7. r) 

10.5 

0 
0.2 
0.65 
1.15 
1.65 
2.65 

0 
0.5 
2.0 
3.5 
6.0 
8. 5 

~ 

Temperature 
(.F) 

145.8 
145.8 
142.7 
141.2 
139.6 

146.3 
145, 2 
143.8 
143.0 
142.3 
141.2 

14.5. 8 
145.8 
144.9 
143.7 
142.0 
140.6 

--Heater- 
..T ) ChangeRate T - w -  

W 

('PI 

29.3 
29.3 
26.2 
24.7 
23. 1 

29.8 
28.7 
27.3 
26.5 
25.8 
24.7 

29.3 
29. 3 
28.4 
27.2 
25.5 
24. 1 -- 

0 
742.6 
736.6 
448.9 
448.9 

5401.6 
3055.4 
1571.3 
1374,9 
1080.3 
1080.3 

0 
589.3 
785.7 
667.8 
5 4 . 9  
549.9 



Comments 

Reduced Gravity, 
hitial Flux 
= 5570 BTUfir ft' 

PredropNo. 1 
Initial F l u  
= 5570 BTU/hr ft2 

Reduced Gravity, 
Initial F l u  
= 5570 BTU/hr ft' 

TABLE A-I. (Continued) 

Test No. lOF23 (Continued) 

Thermocowle No. 

1 

9 

Time 
( sec) 

0 
0.25 
0.75 
1.25 
2.25 

0 
0.6 
2. 55 
4.85 
6.35 
8.32 

10.32 

0 
0.25 
0. 85 
1.35 
1.85 
2.35 
3, 35 

Temperature 
( OF) 

145.8 
145.0 
143.8 
142.9 
141. a 

145.3 
145.3 
143.8 
141.9 
140.9 
139.8 
138.8 

145.2 
148 2 
142.8 
141.8 
141.2 
140.8 
140.0 

29.3 
28.5 
27.3 
26.4 
25.3 

28. 8 
28.8 
27.3 
25.4 
24.4 
23. 3 
22. 3 

28. 8 
27.7 
26.3 
25. 3 
24.7 
24. 3 
23. 5 - 

Heater Enthalpy 
Change Ratea 
(BTU h r  ft9 

3142.7 
2357. i 
1767.7 
1080.3 
ioao. 3 

0 
755.5 
811.3' 
652.6 
549.8 
491.1 
491.1 

3928.4 
2291.6 
1964.2 ' 

1178.5 
900.0 
785.7 
785.7 

'See note on page A-2. 



- 
i c u 

N i 
t 

b 

TABLE A-1. (C~nthued) 

Teat No. lOF23 (Concluded) 

Reduced Gravity, 
Initial Flux 
= 5570 BTU/hr ft' 

Thermocoude No. 

4 

a 

Time 
( sec) 

0 
0.5 
4.75 
6.75 
8.75 

10.75 

0 
0.25 
0.75 
1.25 
2.25 

Temperature I Tv.o'TSAT 
(OF) ('F) 

144.0 
144.0 
140.7 
139.6 
138.8 
138.1 

144.7 
143.2 
142.2 
141.4 
140.4 

~ 

27.5 
27.5 

1 24.2 
23.1 
22.3 
21.8 

28.1 
26.9 
25.7 
25.0 
23.9 

Heater Enthalpy 
Change Ratea 
4 BTU/hr ft2j 

0 
762: 6 
540.2 
392 8 
245.6 
245.5 

4715.8 
' 2357, I 

1374.9 
1080.3 
ioao. 3 

8 See note on page A-2. 

I 



. . 

Comments 
~ 

Pretest No. I, 
Initial Flux 
= 5570 B T U b  ft2 

Reduced Gravity, 
taitial Flux 
= 5150 BTU/hr ft2 

TABLE A-1. (Continued) 

Test No. lOF24 
Heated Surface Upward 2 x 4 in. Heater 

- 

Thermocouple No. 
Time 
( sec) 

~ 

0 
1.0 
I. 35 
4.6 
6.6 
11. I 

0 
0.25 
0.80 
1.38 
2.38 

0 
0. e 
1.6 
3.1 
5. 1 
7.1 
9.6 

Temperature 
(OF) 

146.1 
146.1 
145.8 
142.6 
141.1 
138.8 

146.6 
145.3 
143.8 
142.6 
141.4 

146.8 
146.9 
145.9 
144.0 
142.2 
140.3 
139.0 

29.6 
29.6 
29.3 
26.1 
24.6 
92.3 

30. I 
28.8 
27.3 
26.1 
24.9 

30.3 
30.3 
29.4 
27.5 
25.7 
23.8 
22.5 

Heater Enthalpy 
Change Ratea 
( BTU/hr ft') 

~ 

0 
841.7 
966.9 
736.6 
501.9 
501.9 

5106.8 
2678.4 . 
2031.9 
1178.5 
1178.5 

0 
982.1 
1178.5 
803.5 
1036.6 
510.7 
510.7 

c 
w 
W 

a see nota on age A-2 

. .  .- 

.. , 



TABLE A-1. (C0n-a)  

Test No. lOF24 (Continued) 

Reduced Gravity, 
Initial Flux 
= 5150 BTU/hr ft2 

Pretset No. I, 
XniU Fin 
= 5570 B T U b  rt' 

Reduced Gravity, 
Initial Flux 
= 5150 B T U b  ft* 

2 

3 

a See note 00 page A-2. 

Time 
( sed 

0 
0.2 
0.7 
1.2 
1.7 
2.2 
2.7 

0 
0.6 
1.4 
3.4 
5.4 
8.85 

IO. 85 

0 
0.25 
0.62 
1.3 
2. 3 

Temperature 
(.F) 

146.8 
146.0 
145.3 
143.3 
142.7 
142.2 
141.7 

147.3 
147.3 
146.8 
144.8 
J 43.0 
140.8 
139. P 

146.8 
145.7 
144.2 
142  9 
141.8 

30.3 
29.5 
27.8 
26.8 
26.2 
25.7 
25.2 

30.8 
30.8 
30.3 
28.3 
26.5 
24.4 
23.3 

30.3 
29.2 
27.7 
26.4 
25.3 

Heater Enthalpy 

(BTU/hr ft3 
change Rate" 

3928.3 
3339.2 
1964.2 
1178.5 
982.1 
982 1 
982 1 

0 
613.8 
982 1 
885'9 
597.8 
540.2 
540.2 

4321.3 
3981.5 
1877.5 
1080.3 
1080.3 



. 

- - 
*w - 'SAT 

(OF) 

TABLE A-I. ( COatinued) 

Test No. lUF24 (Concluded) 

Heater En- 
Change Ratea 

' (BTUhr f t9  Comments Thermocouple No. 

Prete8t No. 1, 4 
Initial Flux 
= 5570 B T U b  €t* 

. -  28.5 
28.5 
25.3 
23.6 

R e d d  Gravity, 
Initial Flux 

5150BTU hr ft2 

I 0 
976.0 
716.6 
540. I 

I 4 

I 

2 2  5 
21.9 

Time 1 T e r y p u r e  
sec) 

294.6 
,294.6 

0 
0.6 
3. 85 
6.15 
8. 15 

10.15 

4714.0 
2749.9 
2553.4 
1374.9 
982  1 
785.7 

I 785.7 

0 
0. 25 
0.50 
1.0 
1. 5 
2.0 
2. 5 

145.0 
145.0 
141.8 
140.1 
139.0 
138.4 

145.2 
144.0 
i43.3 
14k t) 
141.3 
140.8 
140.4 

28.7 
r;. 5 
26.8 
25.5 
24.8 
24.3 
23.9 

Seo note on page A-2. a 

. - .  f 
/,* .. .I . . .  . .  

1 I I  



Comments 

PredropNo. I, 
Initial nux - 5780 BTU/hr ft* 

Reduced Gravity, 
Initial Flux 
= 5780 BTU/hr ft2 

Pretest No. 1, 
Initial Flux - 5790 BTU/hr ft! 

Reduced Gravity, 
Initial Flux 
= 5780 BTU hr ft2 

TABLE A-I. (Continued) 

Test No. lOF30 
Heated Surface Vertical 2 x 4 in. Heater 

Thermocouple No. sec) 

143.0 
1.0 
4.1 
5.6 

0 
0.5 
I. 0 
2 25 

0 
G. 2 
1.2 
2 2  
3, 2 

0 
0.95 
2.3 

142.0 
137.5 
136.0 

143.0 
142 8 
142.5 
141.4 

144.0 
143.8 
1 4 2  8 
141.4 
140, 3 

144.2 
143.7 
142  4 

26.5 
25.5 
23.0 
19.5 

26.5 
26.3 
26.0 
24.9 

27.5 
27.3 
26.3 
24.9 
23.8 

27.7 
27.2 
25. 9 

See note 0z1 A-2 a 

. . 

L .  ' - d  . , ,.-, ' .. , - . .^._ .... - .- ..-. 
\ - _  

. .  

.. 

Heater En- 

IBTU/hr ft? 
change Raba 

~~ 

982 I 
1425.6 
982.1 
982 1 

. 3 9 2 8  
589.2 
864.3 
964.3 

982  2 
982 I 

1374 9 
1080.3 
.1080.3 

516.9 
945.7 
945. 7 



Pretest No. 1, 
Initial Flux 
= 5780 BTU/hr ft2 

Reduced Gravity, 
Initial Flux 
= 5780 BTU/hr ft2 

Pretest No. 1, 
Initial Flux 
= 5780 BTU/hr ft' 

Reduced Gravity, 
Initial Flux 
= 5780 BTU/hr ft' 

TABLE A-1. (C~ntiuued) 

Test No. 10Y30 (Concluded) 

Thermocouple No. 

. - . .... .- -4 - _. __.. . . . .- . .- 

Time 
( s e d  

0 
e. 8 
2.3 
3.3 

0 
0.4 
1.4 
2.4 

0 
0.6 
21 
3.6 

0 
1.0 
1.6 
2.6 I 

See note on page A-2. a 

c 
w 
4) 

Temperature 
(.F) 

142.2 
141.6 
139.7 
138.4 

142.2 
142.1 
141.5 
140.7 

143.8 
143.6 
141.7 
133.6 

143.3 
143.3 
143.1 
112.1 

=w - 
( O F )  

25.7 
25.1 
23. 2 
21.9 

25.7 
25.6 
25.0 
25.2 

27.3 
27.1 
25. 2 
23.1 

26. 8 
26.8 
26.6 
25.6 

Heabr Enthalpy 
Change Ratea 
(BTU/hr f t3  

736.6 
1243.9 
1276.7 
1276.7 

245.5 
589.2 
785.7 
785.7 - 
327.4 

1243.9 
1374.9 
1374.9 

0 
327.4 
982.1 
982.1 

. 
I 

- .,-. I - ' ,  



Commenta 

Pretest No. 1, 
Initial Flux 
= 5670 BTU/hr ft' 

Reduced Gravity, 
Initial Flux 
= 5570 BTU/hr ft2 

P1.etest No. 1, 
Initid Flux 
= 5670 BTU/hr ft' 

Reduced Gravity, 
Initial Flux 
= 5570 BTU/hr ft2 

TABLE A-1. (Continued) 

Test No. 10F31 
Heated Surface Vertical 2 x 4 in, Heater 

Thermocouple No. 

See note on page A-2. a 

. 

Time 
( sed 

0 
0.6 
1.6 
3.6 
5.1 

0 
0.5 
I. 0 
2.0 
2.5 

0 
0.9 
2.4 
3.4 

0 
1.0 
2.5 

Temperature 
(OF) 

142.0 
141.4 
140.2 
137.3 
135.6 

142.8 
142.7 
142 3 
141.4 
141.0 

143.1 
142.3 
140.3 
139.1 

142.9 
142.4 
141.1 

25.5 
24.9 
23.7 
20.8 
19.1 

26.3 
23.2 
25. 8 
24.9 
24.5 

26.6 
25.8 
23.8 
22.6 

26.4 
25.9 
24.6 

Heater EnthalpJ 
Change Ratea 
(RTU/hr ft3 

982. I 
1178.5 
1424.0 
11113.1 
1113, I 

- 

196.4 
785.7 
883.9 
785.7 
785 7 

372.9 
1309.4 
1178.5 
1178.5 

491.1 
851.2 
851.2 

~ ____ ___-_ ._ .-.. . . ,. . 



Y 
w 
9 .  

TABLE A-1. (Continued) 

Test No. IOFSI (Conaludud) 

Co"eat8 Themnocouple Nu. 

Pretest No. 1, 
Initial Flux 
= 5670 BTU/hr fta 

Reduced Gravity, 
Initial Flux 
= 5570 BTU/hr ft2 

Time I Temperature 
( s e d  (OF) 

0 
0.6 
1.6 
2 6  

0 
1. 0 
1.5 
2.5 

141.6 
141.3 
140.4 
139. I 

142.8 
142.8 
142.6 
141.T 

Probatto, 1 
Initial Flux 
= 5610 BTU/hr ft2 

See note on page A-2. a 

I 

Heater En 

0 
0.6 
2,l 
4. I 
7. I 
9.6 

*.... . . . .. . 1 .. 

I 

25. I 
24.8 
23.9 
22.6 

26.3 
26.3 
26.1 
25.2 

Teet No. lOF32 
Heated Surface Upward 2 x 4 in. Heater 

491.0 
88% 9 

1276.7 
127% 7 

885 9 

146.5 
146.3 
145.2 
144.2 
140.9 
139.0 

30.0 
29.8 
28.7 
27.7 
24.4 
22.5 

327.4 
720.2 
491.1 

1030.3 
746.4 
746.4 

. ..... ,. - . -- . 



Rmhced Gravity, 
Initial Flux 
= 6610 BTU/hr ft' 

J?rebat No. 1, 
Initial Flux - S610 BTU/hr ft* 

W U U ~  QFWiQs 
Initial Flux 
= 5610 BTU/hr ft2 

TABLE A-1. (Conlinue4) 

Test No, iOF32 (Continued) 

__  

Thermocouple No. 

0 
0. 2 
0 .5  
I. 05 
1.85 
2.85 

0 
0.68 
I. 58 
2.58 
5.08 
7.08 

0 
0.4 
0.7 
1.2 
2.7 

146.5 
145.2 
144. 1 
142.9 
141.9 
141.3 

146.3 
146.2 
145.8 
145.0 
142. 'i 
141.2 

146.2 
144.7 
144.0 
143. i 
141.6 

30.0 
23.7 
27.6 
26.4 
25.4 
24. 8 

2s. a 
29.7 
29.3 
28.5 
26.2 
24.7 

29.7 
28.2 
27.5 
26.6 
25. 1 

Heater Enthalpy 
Change Ratea 
(BTU,'hr ft3 

6388.7 

2142.7 
1275.4 
572, I 
572.1 

. 1444.  
43&5 
785.7 
90% 5 
736.6 
736.6 

5682.9 
2291.5 
1767.8 
982.1 

.982.1 

3601.1 



TABLE A-1. (Continued) 

Tei , Lo. lOF32 (Continued) 

I 
Commenta Thermooouple No. 

beteat  YO. 1, 
Initial Flux 
= 5610 BTU/hr ft' 

Reducod Gravity, 
Initial Flux - 5610 BTU/hr ft' 

PFetest No. 1. 
Initial Flux - 5610 BTU/hr ft' 

*&e note on page A-2, 

0 
1.1 
2. 35 
4.95 
c. 36 
10. JE 

0 
0. 2 
0.7 
1.2 
1.7 
2.7 

0 
1. 1 
2. 2 
3.7 
5.2 
7.95 

- 
Temperature I Tw - TsAT 

ion 
146.3 
146.0 
165.2 
143.8 
14% 3 
140.2 

f4G. 3 
145.2 
143.7 
142.8 
142.3 
141.6 

146.3 
146.0 
145.3 
143.0 
142.0 
139.8 

29.8 
29.5 
28.7 . 
27.3 

23.7 

29.8 
28.7 
27.2 
26.3 
25.8 
25.1 

29.8 
29.5 
28.8 
27. i 
25.5 
23. 3 

25. 8 

F Heater Entha 
Change Rate 
( BTU/hr ft') 

267.8 
628.5 
687.5 
736.6 
515.6 
515.6 ' 

5401.6 
. 2946.3 

. 1747.7 
982.1 
687.5 
687.5 

267.8 
624.9 
1113.1 
1017,6 
785.7 
785.7 



. .  . .. 

Time Temperature 
Thermocouple No. ( eec) (OF) 

4 0 146.3 
0.4 La 0 
0.9 142.8 
1.4 143 0 
2.4 140.8 

TABLE A-1. (Continued) 
6 

Tw'TSAT 
(OF) 

29.8 
27.5 
26.3 
25. 5 
24.3 

= 6610 BTU/hr ft2 

PreteetNo. 1, 
Ut Flux 
= 6980 BTU/hr ft' 

Redwed Gravity, 
Initial Flux - 5860 BTU/hr it' 

1 

&e note on page A-2. a 

0 
0.4 
1.25 
2.25 
3.25 
4.25 

0 
0.66 
I. 0 
1.95 
2.45 

138.0 
137.7 
136.1 
133.8 
131.5 
129.8 

137.7 
138.2 
138.1 
137.2 
136.7 

21.5 
21.2 
19.6 
17.3 
15.0 
13.3 

21.2 
21.7 
21.6 
20.7 
YO. 2 

Heater Enthalpy 
Chatge Rataa 

5647.0 
2357.1 
1571.3 
j 178.5 

I 1178.5 

736.6 

2258.8 
2258.8 
1669.6 
1669.6 

-766.6 
280.6 
830.4 
982.1 

1848.6 

982. i 



. 

TABLE A-I. (Continued) 

To& No. lOF33 (Contfnued) 

Comemtr 

Pretert No. 1, 
Initial Flux 
= 5960 BTU/hr ft2 

Redwad Gravity, 
Initial Flux 
= 5960 BTU/hr ft* 

Pretest No. i, 
Initial Flux 
= 5960 BTU/hr ft* 

~~ ~- 

Thermocouple No. 

0 
0.5 
i. 7 
3.7 
4.7 

0 
0.7 
1.5 
2.45 

0 
0.45 
1.35 
2.40 
3.30 
4. 25 

Temperature 
(OF) 

137.1 
137.1 
i35.0 
130.7 
129.5 

137.1 
137.6 
137.5 
136.6 

138.0 
138.0 
136.2 
133.4 
131.4 
130. I 

i 
8 I '  ! 

20.6 
20.6 
i8.5 
14.2 
13.0 

20.6 

21.5 
19.7 
16.9 
14.9 
12.6 

I I o  
! 1718.6 

211L 6 
1178.5 

\ l l i s . 5  

1964.2 
2618.9 
2182.4 
1343.9 

. 1343.9 

1 

'&e note 00 page A-2. . 



TABLE A-1. (Continued) 

. 

Test No. iOF33 (Concluded) 

Temperature Tw - % A T  
( O F )  (.F) 

137.2 20.7 
137.8 21.3 
137.8 21.3 
137.2 20.7 
136.7 20.2 

138.4 21.9 
138.3 21.8 
137.5 21.0 
135.5 19.0 
132.7 16.2 
131.3 14.8 

137.8 21.3 
138.5 22.0 
138.5 22.0 
138.3 21.8 
137.9 2L.4 

Thermocouple No. I I Commenb 

Initial Flux 
= 5960 BTU/hr ft2 

Time 
( 60C) 

1374.9 
1374.9 

-1160.0 
0 

392.8 
705.7 
785.7 

I 

3 0 
0.6 
1.25 
2.15 
2.65 

0 
0.5 
1.0 
2.0 
3.5 
4.5 

0 
0.6 
1.4 
1, 9 
2.4 

Heater Enthalpy 
Change ~ a t e a  
(BTU/hr ft2) 

'8ee note on pgge A-2. 

i . . 
r ' , ,. 
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Cammente 

TABLE A-I. (Continued) 

Thermocouple No. 

Telrt No. lOF34 Heated Surface Downward 2 x 4 in. Heater 

I t 

PreteetNo. 1 
InlW Flux 
= 5900 BTU/hr it2 

Reduced Gravity 
Initial Flux 
= 5900 BTU/hr ft* 

I 

PreteetNo. 1, 
Inftisl Flux 
= 5900 BTU/hr ft2 

I 

Time 
( sed  

0 
0.45 
1.85 
3.0 
4.75 

0 
0.6 
I. 46 
2.25 

0 
0.45 
I. 15 
3. 15 
4. 15 

Temperature 
(*F) 

135.9 
135. d 
133.3 
130.8 
128.8 

136.0 
136.3 
136.3 
135.8 

135.8 
135.7 
134.8 
130.8 
129.3 

(BTU/hr ft2) 

19.4 
19.1 
16.8 
14.3 
12.3 

19.5 
19.8 
19.8 
19.3 

19.3 
19.2 
18.3 
14.3 
12. 8 

654.8 
1613.4 
2135.0 
1122,4 
1122.4 

-491.0 
0 

613.8 
613, ? 

218.3 
1262.7 
1964.2 
1473.2 
1473.2 

. .  



Colllmsots 

Reduced Gravity, 
Flux 

= 5900 BTU/hr ft* 

Pretest No. 1, 
Iplitirl Flux 
= 5900 BTU/hr ft' 

Pretest No. i, 
Initial Flux 
= 5800 BTU/hr ft2 

TABLE A-1. (Continued) 

Test No. lOF34 ( Cmtiaued) 

"hermocouple No. 

4 

Time 
( sed 

0 
0.7 
1.65 
2.50 

0 
0.45 
2.1 
3.9 
5.25 

0 
0.8 
1. €5 
8 4  

0 
0.4 
e4 
e 15 
5.2 

136.3 
136.6 
136.6 
135.9 

136.6 
136.4 
133.8 
130.5 
128.6 

136.6 
127.1 
137.1 
136.6 

135.6 
135.6 
132.2 
128.6 
in. 1 

19.8 
20. I 
20. I 
19.4 

20.1 
19.9 
17.3 
14.0 
12.1 

20. I 
20.6 
20.6 
20.1 

19.1 
19.1 
15.7 
12.0 
10.6 

Heatetr Enthalpy 
Change Hatea 
(BTU/hr fg) 

-420.8 
1) 

808.7 
808.7 

491.0 
1502.3 
6800.5 
1352.2 
1352.2 

-613.8 
0 

654.7 
654.7 

0 
1669.6 
PU20.3 
1402.9 
1402 9 

. 

- . _  
I '  



- -..... 
._  .. . 

Tw - TSAT 
(OF) ' 

18.5 
19.6 
19.6 
19.3 

\ ', 

Heater Enthalpy 
Change Rotea 
(BTU/hrft3 

-1190.0 
0 

294.6 
294.6 

. 

1 Temperature 
1 (OF) 

TABLE A-I. (Continued) 

I 135.0 
136.1 
136.1 
135.8 

Test No. lOF34 (Concluded) 

33.9 
33.7 
33.4 
32.6 
31.9 
30.8 
29.9 
28.'9 
27.9 

Comments 

215.1 
322.6 
860.3 
752.7 

1182. 9 
967.8 

1075.3 
1075.3 
1075.3 

Rrduced Gravity, 
Initial Flux 
= 5900 DTU/hr ft* 

Thermocouple No. I Time (sec) 

4 

I I 3.0 - 

Predrop No. 1, 
Initial F l u  
= 7100 BTU/hr ft2 

L 
1 

Test No. lOF36 

Heated Surface Upward 2 x 2 in. Heater 

a &e note on page A-2. 
c, 
L 
J 

- 
0 

I. 0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 - 

-. 

150.4 
150.2 
149.9 
149.1 
148.4 
147.3 
146.4 
145.4 
144.4 



TABLE All. (Continued) 

Test No, lOF36 (Continued) 

Predrcp No. 1, 
Initial F l u  
= 7100 BUT/hr ft2 

PredropNo. I, 
Initial Flux 
= 7100 BTU/hr ft' 

Thermocouple No. 

A 

. 

- 
Time 
( sec) 

0 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8. 0 

0 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 - 

~ 

Temper ahre 
(*F) 

146.0 
146.0 
145.2 
144.4 
143.2 
142.2 
141.4 
140.8 
139.9 

147.4 
147.3 
146.5 
145.6 
144.7 
144.0 
143.2 
142.4 
141.8 

_.. * -  

29.5 
29.5 
28.7 
27.9 
26.7 
25.7 
24.9 
24.3 
23.4 

30.9 
30.8 
30.0 
29.1 
28. 2 
27.5 
26.7 
25. 5 
25. 3 

Heater Enthalpy 
Change Rate' 
( BTU/hr ft2) 

0 
860.3 
860.3 

1290.4 
1075.3 
860.3 
65% 2 
967.8 
967.8 

107.5 
860.3 
96'1.8 
967.8 
752.7 
860.3 
860.3 

. 66L2 
654 2 

. - .  

I,  



0 

Time 
( sed  Comments 

Ueater Enthripy 
Temperature Tw - Change Ratea 

( BTUhr ft') (OF) (*F) 
~~- 

Reduced Gravity, 
Initial Flux 
= 7100 BTU/hr ft2 

0 
0.15 
0.40 
0.60 
0.90 
1.3 
2. 0 

Reduced Gravity, 
Initial Flux 
= 7100 BTU/hr ftz 

150.3 33.8 1433.8 
150.1 33.6 3449. I 
149.3 32. 8 3226.0 
148.7 32. 2 2867.6 
147.9 31.4 1613.0 
147.3 30.8 1228.9 
14G. 5 30.0 12%. 9 

I 

TABLE A-1. (Continued) 
Test No. lOF36 (Continued) 

Thermocouple No. 

L 
d * 

See note on page A-2. a 

. .. . 
. . ._. _. ._.- ...... , ^ .  ... . 

0 
0.15 
0.40 
0.60 
0.90 
I. 30 
2.0 

146.6 
146.2 
145.1 
144 5 
143.5 
142.7 
141.6 

30.1 
29.7 
28.6 
28.0 
27.0 
26.2 
25. I 

2867.5 
4731.5 
3226.0 
3584.4 
2150.6 
1689.8 
1689.8 

. I 

, 



Comments 

Reduced Gravity, 
Initial Flux 
= 7100 BTUhr ft2 

Reduced Gravity, 
Initial Flux 
= 7100 BTU/hr ft2 

'kheiwocouple No. 

4 
0 

TABLE A-1. Contlnued) 

Test No. lOF36 (Concluded) 

See nota oa page A-2. a 

_ _ .  . . - -  

Tim6 
( sec) 

@ 
0. 15 
0.40 
0.60 
0.90 
1.30 
2. 0 

0 
0.15 
0.40 
0.60 
0.90 
1.30 
2.0 

147.6 
147.3 
146.0 
145.2 
144.4 
143.8 
143.0 

150.3 
150.1 
149.4 
148.7 
140. I 
147.3 
146.7 

.- ..., . . . -. 

31.1 
30.8 
29. 5 
20.7 
27.9 
27.3 
26.5 

33.8 
33.6 
32.9 
32.2 
31.6 
30.8 
30.2 

Heater Enthalpy 
Change Ratea 1 (BTU/hr ft2) 

2150.6 
5591.7 
4301.3 
2857.5 
1613.0 
1228.9 
1228.9 

1433.8 
3010.9 
3763.6 
2150.6 
2150.6 . 
921.7 
921.7 

, 

.. . 

I I 



. . 

L 
VI 
L 

? : ,  I . ,  

.... .. . . .  . .  

Comments 

Predrop No. 1, 
Initial Flux 
= 7100 BTU/hr ft2 

Reduced Gravity, 
Initial Flux 
= 7100 BTUJhr ft2 

Predrop No. 1, 
Initial F l u  
= 7100 BTU/hr ft2 

TABLE A-1. (Continued) 

Teat No. lOF37 
Heated Surface Downward 2 x 2 in. Heater 

Thermocouple No, 

- 
Time 
( aec) 

0 
1.0 
2. 0 
3.0 

0 
1.0 
1.5 
2.0 
2. 5 

0 
0.6 
1.0 
2.0 
3.0 

- 

- 

Temperature 
VF) 

145.7 
145.7 
143.8 
141.3 

144.4 
144.4 
144.4 
143.4 
145.96 

141.3 
141.3 
140.3 
137.9 
135.6 

c * . - M * L n i - *  ........ .->.-.. .. li._.r-..rUc - . . . . . . . . . .  . I ,  

I - 

29.2 
29.2 
27.3 
24.8 

27.9 
27.9 
27.9 
27.9 
27.5 

24.8 
24.8 
23. 8. 
21.4 
19.1 

Heater Enthal 

(BTU/hr ft3 
Change Rats P 

0 
2043.1 
2688.3 
2688.3 

0 
0 
0 

967.8 
967.8 

0 

2580.8 
2473, 3 

1 2475.3 

2688 3 

........ . . . . . . . . . . . . . . . . . . . . . . .  L.',... a'&*2&'..-&&b,-. 

, ,  



TABLE A i l .  (C0ntia~1&) 

Test No. lOF37 (Continued) 

Commente 

Reduoed Gravity, I--- Initial = 7100 Flux STIr,rhr ft2 

Pr+:r?ropNo. 1 
Nth9 Flux - 7100 BTU,/hr ft’ 

Reduced Gravity, 
Initial Flux 
= 7100 BTU/hr ftz 

Thermocouple No. 

0 
1.0 
1. 5 
2.0 

0 
0.7 
1.0 
2.0 
3.0 

0 
1.0 
1. 5 
2.0 
2 5  - 

Temperature I TwiTSAT 
(OF) (*F) 

140.9 24.4 
140.9 24.4 
140.45 23.9 
139.8 23. 3 

142.4 25.9 
142.4 25.9 
141.8 25.3 
139.5 23.0 
137.0 20.5 

142.0 
142.1 
14% 0 
141.6 
141.0 

25. 5 
25.6 
25.5 
26. 1 
24. 5 

- 
Heater Enthalpy 

Change Ratea 
(BTU/hr ft2) 

0 
967.8 

1376.4 
‘1376.4 

0 
2150.6 
2473.3 
2688.3 
2688.3 

‘ -107.5 
215.1 
860.3 

1290.4 
1290.4 



TABLE All.  (Continued) 

Teet No. lOF37 (Concluded) 
...c 

Heater Enthalpy 
T h e  Temperature Tw - TSAT Chapge Rate" 

i'F) (*F) (BTU/hr ft2) Comments Thermocouple No. ( sec) 

Predrop No, 1, 4 0 144.5 28.0 0 
Initial F l u  1.0 144.5 28.0 860e2 - 7100 BTU/hr ft2 2.0 , 143.7 27.2 2043.1 

3. 0 141.8 25. 3 2043.1 

Reduoed Gravity, 4 0 143.3 26.8 0 
Initial F l u  1.0 ' 143.3 26. 8 0 
= 7100 BTU/hr ft2 2.0 143.3 26.8 107.5 

3.0 ' 143.2 26.7 107.5 

Test No. iOF39 
Heated Surface Upward 2 x 2 in, Heater 

fiedrop NO. 1, 2 0 151.7 35.2 0 
Initial Flux l e 0  151.7 35.2 1397.9 

21,500 BTU/hr ft2 2.0 150.4 53. 9 1075.3 
3.0 149.4 32.9 860.2 
4. 0 148,6 32. 1 752.7 
5.0 147.9 31,4 645.2 
6.0 147.3 30.8 860.2 
7.0 146.5 30.0 i45.2 
8. 0 145.9 29, 4 645.2 

'%e note on page ~-2. 

I 



TABLE A-1. ( C O L ~ ~ U ~  
Test No. lOF3i (Concluded) 

Commenh 

.. 
I I I I I 

Time Temperature Tw - TsAT 
Thermocouple No. ( eec) (*F) ('F) 

. o  
I 
I 2130.6 
I 2457.9 

2795.8 
I 2150.6 

2150.6 

Reduaed Oravity, 
Snitial F l u  - 21 , 600 BTU/hr ft2 

154.3 
154.3 
153.4 
152.5 

150.9 
150.1 
149.5 
149.05 

154.5 
154 4 
153.8 
152  0 
150.7 
149.8 

151. a 

Prodrop No. I, 
Initfot Flux 
= 21,500 BTU/hr ft2 

I 

€bdumd Gravliy, 
h1Ud Nux - 21,500 BTU/hr fe 

I 

2 

3 

3 

0 
0.2 
0. 6 
1.2 
1.7 
2.2 

0 
1.0 
2.0 
3.0 
4 0  
5.0 
6.0 
7.0 
80 0 

0 
0.2 
0.5 
1.2 
1.7 

868 Nab on page A-2 8 

I 4 

153.3 
153.3 
152.7 
151. i 
149.8 
148.8 

36. E 
36.8 
36.2 
34.6 
33.3 
32.9 

37.1) 
37.8 
36.9 
36.0 
35.3 
34.4 
33.6 
33.0 
32. 5 

38.0 
37.9 
37.3 
35. 5 
34.2 
33.3 

Change Ratea 
~ (BTU/hr ftz) 

0 
967.8 

.967.8 
752.7 
967.8 
860.2 
645.2 
483.9 
483.9 

537.6 
2150.6 
2765.1 
2795.9 
1935.6 
1935.6 



Comment8 

PredropNo. 1 
Initial Flux 
= 21,500 BTUfnr ft2 

Reduced GravIQ, 
Initfal F l u  

21 500 BTU/hr ft2 
b 

PredropNo. 1 
Initial T l u  

21 500 BTU/hr ft2 

Test No. lOF40 
Heated durface DowLward 2 x 2 in. Heator 

Thermocouple No. 

2 

2 

3 

0 
1.0 
2 0  
3.0 

0 
0.5 
1.0 
2 0  
3.0 

0 
0.5 
1.0 
2.0 
3.0 
4.0 

Temperature 
(*F) 

~~ 

152.9 
150.7 
146.6 
143.4 

156.1 
155.0 
154.1 
151.6 
148.9 

155.1 
154.3 
152.4 
148.6 

' 145.3 
142.8 

36.4 
34.2 
30. 1 
26.9 

33.6 
38. 5 
37.6 
35. 1 
32.4 

38.6 
37.8 
35.9 
32. 1 
28. d 
26.3 

Heater Enthalpy 
Change Rate' 
(BTU/hr ft2) 

2365.7 
4408.9 
3441.1 
3441.1 

2365.7 
1935.6 
2688.3 
2903.4 
2903.4 

1720.8 
4086.2 
4086.2 
3548.6 
2688.3 
2688.3 

'see nota 011 Page A-2. 
c. 
m 
m 



TABLE A-1. (Concluded) 

Tset No. lOF40 (Concluded) 

Thermocouple No. 
Time Temperature Tw - TSAT 
( eec) (OF) ('F) 

Redticed Grad@, 

= 21,500 BTU/hr ft* 
1 Initid Flux ' 

0 
0. 5 
1.0 
2. 0 
3.0 

3 157.1 
156.0 
155.0 
152  0 
149.2 

39.6 
38.5 
37.6 
35.1 
32.4 

I I I 4.0 147.2 30.1 

'See note on page A-2 

Heater Enthalpy 
Change Ratea 
(BTU/hr ft2) 

2365.7 
1935.6 
2688.3 
2903.4 
2473.2 
2473.2 

I 

_- . - . 



i , 

1 
h 

i 
. I  

TABLE A-2. BUBBLE.GROWT€I RATE DATA AT lg 

'2.5 
5.0 
7: 5 

10.0 
12.5 

2. 5 
5 .0  
7 . 5  

10.0 
12.5 

2. 5 
5.0 
7.5 

IO. 0 
12.5 
15.0 
17.5 

2.5 
5.0 
7 .5  

10.0 
12.5 

2.5 
5.0 
7.5 

10.0 
12.5 

Bubble D i k e t e r  
inches 

0.014 
. a 0 2 4  

0.0285 
0.0283 
0.0285 

0.012 
0.020 
0.025 
0.026 
0.825 

0.010 
0.018 
0.025 
0.028 
0.030 
0.031 
0.033 

0.011 
0.022 
0.022 
0.023 
0.023 

0.013 
0.018 
0.021 
0.025 
0.025 

- 
Froud 
No. 

0.71 

0.62 

0.42 

0.57 

0.62 

c 

4 
! 

. .  

1 
! 

! 

i 



0 

-. 

TABLE A-2. ( COnClUdd) 

Time 
. eecothds x io3 

2.5 
5.0 
1.5 

10.0 
12.5 
15.0 
17.5 

2.5 
5.0 

10.0 
15.0 
17.5 

2.5 
5.0 

10.0 
15.0 
17.5 
22.5 

2.5 
5.0 
7.5 

17.5 
25.0 

Bubble Diameter 
inches 

i 
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0.010 
0.0175 
0,022 
0.023 
0.025 
0.025 
0.027 

0.012 
0,019 
0.021 
0.022 
0.025 

0.017 
0.018 
0.021 
8.023 
0. OZd 
0.028 

0.010 
0.018 
0.022 
0.024 
0.026 

Froude 
No. 

0.35 
-- 

0. 32 

0. 22 

0. 16 

, . .  .-. . - .r 



I 

t 

r/g 

1. 02 

1. 02 

1. 02 

- 

TABLE A-3. BUBBLE GROWTH RATE DATA AT LOW 8 

Time 
Seconds x 10s 

2.5 
4.5 
6.5 

16.0 
44.0 

100.0 
150.0 
188.0 
227.0 
287.0 
346.0 
406.0 

2.5 
7.0 

13.0 
3 2  0 
55.0 
90.0 

110.0 
150.0 
200.0 
240.0 
280.0 
320.0 

2.5 
6.0 

12.0 
18.0 
4 4  8 
96.0 

121.0 
189.0 
232 0 
273.0 

Bubble Diameter 
inches 

0.023 ' 

0.829 
0.033 
0.060 
0.080 
0.097 
0.115 
0.126 
0.134 
0.152 
0.162 
0.170 

0.020 
0.032 
0.037 
0.050 
0.060 
0.078 
0.989 
0.103 
0.119 
0.121 
0.134 
0.140 

0.021 
0.033 
0.038 
0.042 
0.060 
0.086 
0.090 
0.115 
0.124 
0.132 

site 

8 

9 

10 

Froud 
No. 

0.2 

0.27 

0.43 
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Time 
Seconda x 103 

10.0 
Ab 0 
16.0 
20.0 
23.0 
26.0 
29.0 
32.0 
35.0 
39.0 
42.0 
45.0 
48.0 
51.0 

10.0 
13.0 
17.0 
20.0 
23.0 
26.0 
29.0 
32.0 
35.0 
42.0 
48.0 
57.0 
63.0 
70.0 
82.0 
96.0 
111.0 
127.0 
142 0 
160.0 

TABLE A-3. (CO&hUed) 

B m l e  Diameter 
inchea 

0.018 
0.021 
0.029 
0.036 
0.042 
0.043 
0.047 
0.047 
0.053 
0.055 
0.056 
0.058 
0.059 
0.062 

0.025 
0.031 
0.038 
0.043 
6.049 
0.051 
0.052 
0.055 
0.059 
0.062 
0.064 
0.069 
0.070 
0.073 
0.076 
0.084 
0. O§l 
0.096 . 

0.100 
0.104 

-- 
site 

~~ 

Froud 
No. 

9.5 

1.6 

I 



a/g - 

0.01 

0. 01 

TABLE A-3. (Concluded) 

Time 
Seconde x 10s ’ 

I. 2 
4 2  
7.5 

14. I 
23.0 
39.0 
54.0 
76.0 

107.0 

1.2 
4.2 

11.0 
20.0 
36.0 
54.0 
69.0 
86.0 

108.0 
149.0 
164.0 

Bubble Diameter 
inches 

0.015 
0.017 
0.019 
0.034 
0.039 
0.044 
0.058 
0.062 
0.074 

0.015 
0.024 
0.031 
0.037 
0.040 
0.051 
0.060 
0.068 
0.080 
0.088 
0.090 
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Eeat Flux 

APPENDIX B 
, 

ERROR ANALYSIS 

. . .  

Errors in the initial heat flux could be caused by uncertainties in the 

quantities measured to calculate the flu and by inaccuracies in the prediction 

of heat losses. The enthalpy change ratz of the heater surface also contains 

errors due to uncertainties in reduced data and in measurements of the physi- 

cai properties of the heater surface. In the following paragraphs, estimates 

w i l l  be made of the possible e r rors  in these quantitie?. 

The heat losses consist of energy conducted through \ne thermocouple 

wires acd heater power wires and of Losses throu&h the polyurethane insula- 

tion behind the heater surface. The loss in the wires was estimated from 

k A  

It was assumed that the wires  were at the fluid eaturation temperatum after 

passing through the 2 inches of insulation. The total losses from the wires 

mere determined to be insignificant with respect to the energy transferred 

bp boiling at the heater surface. 
1 1  . i i I .  . . ;  7 .  
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The heat losses through the insulation were calculated by using the 

Chrysler Improved Numer ica l  Differencing Analyzer (CINDA) digital computer 

program 1571. The prcgram is capable of analyzing a three-dimensional 

lumped parameter representation of a physical system governed by the 

Fourier equation with an additional heat generation term. B order to use 

the program, the 2 inch by 4 inch by 2 inch piece of insulation was brokep 

into 48 equal sized nodes. The arrangement consisted of 4 layezs d 12 ncdes 

each. The copper heater surface and heater wire were treated a8 one node 

with a heat generation source, and the Freon 113 was treated as a constant 

temperature node at satnratioa temperature. The heat leak from the surface 

to the in8rrlSltia-t was  integrated for the nodes adjoining the surface. For a 

steady state condition at a power level of 2000 BTv/hr-f$, approximately 

1.1 percent of the energy was seen to pass through the insulation. At a power 

level of 20,000 BTU/hr-f$, the energy loss decreased to approximately 

0.2 percent. The heat loss cslcdations are considered to be accurate to 

*20 percent. 

The uncertainties associated with the calculation of heat flux and 

enthalpy change rate will be estimated accordiug to the method of Kline red 

McClintock 1581 who define tbe uncertainty as 

i / 2  

w R = [(+ W l ) t ' ( 2  ..,'+ ....+(-..,*] % (2) 

164 

1 * 
? 
i 



where R is the functional relationship being investigated, v 

pendent variables, and w 

calculation, 

are the inde- 

the variation of the variables. For the heat flux 

n 
~I 

n 

'hi q=c- LW !3) 
l 

and equation (2) ia terms of the q m t i t i e s  of interest is 

(4) 

Performing the indicated operations and dividing by equation f3) to nondimen- 

sionalize, 

(5 )  

The individual terms are est imted to be 

= 0.03 AI 
I 
- 

= 0.03 -- Avh 

'h 

AL - =0.004 

y = 0.008 

I 



0 

subetitutfng these terms into equation (5) ,  the^ uncertainty for heat flux is 

found to be 4.35 percent. 

For the enthalpy change rate calculation, 

A=-- Mc dT 
A LW dt 

. 

Ueingeqintion (2) again, 

The individual terms are estimated to be 

: . 

- *IH = 0.001 M 

I . 166 

Ac - = 0.001 
C 

- AL = 0.004 L 

@! = 0.008 W c 
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Substituting these terms into equation (7) , the uncertainty for enthalpy change 

rate is found to be slightly greater than 10 percent. ' 

Surface Temperature 

As a resalt of the calibration procedure described in the text, it is 

estimated that the accuracy of the thermocouples are within 0.2 F. Due to 

the wide span used on the strip charts, it is believed that the thermocouple 

output trace waa read within 0.1 OF. Considering thefie factors, it appears 

that an estimate d il F for tho uncertainty of the absolute value of tempera- 

ture is reasonohle. The errcr associated with the temperature gradient 

should be no greater than the reading error for the charts, 

It is estimated that the thermocouples were located in the center of P 

copper surface. The actual temperature of the surface can be found from 

Using this equation, the temperature at the point of meaeuremsnt is found to 

deviate from the actual surface temperature by approximately 0.07 F at a 

heat flu of 6000 BTU/br-e and by 0.23 OF at a heat flw of 20,000 

Bubble Diameters 

BTU/hr-f$. 
I 

!+ 
[; 

As explained in the text, the calibration reading# for the probe urred 

I 

for a reference dimemion in the bubble studies wre alwaym witbin 3 percent 

d each other. Conmidering the pomsibility Ot error in memuring the probe 

- 

i fl i -- 

I 



8 
. .  

prior to fnstallatfon, it $9 eetimPted that a maximum error of 6 percent might 

be present in the bubble measurements. 
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APPENDIX C 

FROUDE NUMBER CAIA=ULATIbN 

The expression w e d  b calculate ule Froude numbers in this work was 

derived using the method prsrPented by Adelberg [SS]. The bubbles in F;eon 

113 were found to be more nearly spherical than hemispherical, as was 

assumed by Adelberg. The Yroude number expression is the same as found 

by Adelberg, however, due to the nature of the Froude number. 

The Froude number 58 defined as the ratio of the bubble dynamic force, 

FD , to the buoyancy force aaaccfoted with the bubble, FB. The force 

associated with the inertia of ths m u g  of liquid dieplaced by the bubble growth 

with velocity is defined am the dynamic force. For a spherical bubble, 

. 
The bunyancy force associated with the bubble ir 

i 

It h88 been found that R i8 generally quite 8mPll when compared to the 

growth rrte, A, m d  this can be 8-n to be especially true for Freon 113 

at both 8tandrmrd and reduced gravity (F'igurer 22 md 23) tn the latter growtb 



c 

o m .  The second term of the dynamic force equation msy then be neplrtcted. 

Sfnce pf <c p,,, pf will also be neglected. The expression for Froude number 

then becomeo, 

Sir' 
R g  

F =- . 
(3) 

A further approximotion waa made by Adelberg by aesumfng that 

where R- ir the radium of the bubble when it detacher from the rurfme 

and t- io the time from bubble nuoleation to bubble ddprrhre. The final 

8pproximate expression for Froude number ir then 

1 

i 
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